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Due to their favourable combination of high Li+ conductivity and stability against 
metallic lithium, garnet-type fast ion conductor of Li7La3Zr2O12 have received 
tremendous amount of attention for both all-solid-state batteries as well as an anode 
protecting membrane. This thesis aimed to explore the viability of high energy 
density all-solid-state lithium batteries (ASSLBs) using garnet-type LLZ. The 
effect of aliovalent dopants on the LLZ phase formation, ionic conductivity and 
electrochemical properties are discussed. The negligence of LLZ sensitivity in 
humid air is highlighted and the effect of Li+/H+ exchange is studied in details. The 
realization of ASSLB using garnet solid electrolyte is demonstrated. 
Chapter 1 gives a brief history of lithium and lithium-ion batteries in terms of 
development and obstacles faced when using organic liquid electrolytes. 
Approaches to mitigate lithium dendrite growth were explored – by replacement of 
metallic lithium with Li+ intercalation graphite, infusing liquid electrolyte into 
polymer matrix to form gel electrolyte and later a more radical approach of 
replacement of organic liquid electrolyte with ceramic solid electrolyte. Among all 
known solid electrolytes, Li7La3Zr2O12 is widely considered a promising candidate 
due to the inherent high Li+ conductivity with excellent stability against reduction 
by lithium metal as well as against oxidation by cathode material. With approaches 
such as thickness reduction (thin film technology) and area increase (3D 





Chapter 2 describes the details of preparing LLZ using conventional “solid-state” 
reaction and the way of assembling ASSLBs. Characterization techniques used in 
this work are also specified, including X-ray diffraction, scanning electron 
microscopy, electrochemical impedance spectroscopy and galvanic charge-
discharge of ASSLB. 
Chapter 3 discuss the synthesis of Ta-doped and Ta-Ga co-doped cubic phase LLZ. 
While the undoped LLZ crystallizes in the tetragonal phase with two orders of 
magnitude lower conductivity, pentavalent TaZr doping of LLZ shows room 
temperature ionic conductivity σLi+ in the order of 10-4 S cm-1. The addition of 
Ga2O3 acts as sintering aids to densify the LLZ membrane. The resulting 
Li6.75La2.95Zr1.75Ta0.25Ga0.05O12 (LLZTG) with 95% relative density displays Li
+ 
conductivity of 5.8×10-4 S cm-1, a Li+ transference number tLi
+1 and high 
electrochemical stability up to at least 5V against lithium metal. LLZTG shows 
quality of being a promising oxides solid electrolyte for ASSLB. 
Chapter 4 explores the viability of LLZ thin film fabrication using relatively 
inexpensive tape casting. A relatively dense thin film LLZ is successfully fabricated 
via tape casting with usable Li+ conductivity comparable to the most widespread 
thin film solid electrolyte, lithium phosphorous oxynitride (LiPON). A prototype 
thin film lithium battery, Li4Ti5O12|thin film LLZTG|Li displayed a discharge 
capacity of only 64 µAh cm-2 (12.4 mAh g-1). The usage of aqueous solvent with 
carboxyl methylcellulose sodium salt during ink preparation induces Li+/H+ 




Attempts to find different combination of solvent-binder that preserve the pristine 
LLZ cubic phase without jeopardizing its ionic conductivity were explored. 
Chapter 5 highlights the chemical instability of LLZ in the presence of moisture. 
Spontaneous Li+/H+ exchange in a humid environment is demonstrated which 
contrasts to the previously claimed moisture-stability of LLZ. Garnet LLZ, 
however, displays an excellent structural stability even up to at least 53% Li+/H+ 
exchange. It was clarified that the early literature mistook this structural stability as 
a sign of chemical stability. Partial Li+/H+ exchange during immersion in water was 
quantified using thermogravimetric analysis. On long time immersion in water or 
1M LiOH, approximately 3 or 5 Li+ are retained per formula of LLZ, respectively. 
The remaining Li+ ions preferentially occupy the regular tetrahedral garnet sites. 
Molecular Dynamics simulations reveal a progressive conversion from a fast Li+ to 
a moderate H+ conductor in protonated LLZ.  
Chapter 6 focuses on the fabrication of ASSLB using garnet LLZ membrane. 
Formulation of stable anode and cathode composite slurries with minimization of 
Li+/H+ exchange is elaborated. The long term variation in the Li|LLZTG interfacial 
resistance as a function of time is investigated. ASSLBs half-cells of 
Li4Ti5O12|LLZTG|Li  with a discharge capacity of ~110 mAh g
-1 (with 92% 
Coulombic efficiency) and LiFePO4|LLZTG|Li with discharge capacity of ~150 
mAh g-1 (with 95% Coulombic efficiency) were achieved at 60°C. Finally, a 




reported all-solid-state lithium ion battery using garnet-type solid electrolyte with 
a reversible discharge capacity of ~62 mAh g-1 (with 96% Coulombic efficiency). 
Chapter 7 concludes this thesis dissertation and sketches promising directions for 







1.1 Lithium Battery versus Lithium-Ion Battery 
With the rise of the information-rich mobile society, rechargeable batteries have 
become part of the integral of portable electronic devices for computing and 
telecommunication. Despite the growing demand of batteries worldwide, the slow 
advancement in battery technology development is often criticized. Undoubtedly, 
today’s energy storage system cannot keep pace with the growth in the computer 
industry where Moore’s law predicts a doubling of memory capacity every two 
years. Several battery types were investigated so far and only a number of them are 
commercially available.  
A typical battery is consisted of several electrochemical cells that are connected in 
series and/or in parallel to satisfy the required voltage and capacity. Each cell is 
composed of an anode (negative electrode), electrolyte (medium for ion transport 
and separator) and cathode (positive electrode). The electrolyte is an ion-conductive 
but electronically insulating material, thus separating the ion transport through the 
cell from electron transport through the external circuit. The anode is the Li+ source, 
while the cathode is the host for Li+ during discharge and vice versa during charge. 
Once the electrodes are connected, the chemical reaction proceeds in tandem at 





The most common unit to define the amount of electrical energy delivered by one 
cell is either by energy per weight (Wh kg-1) or energy per volume (Wh L-1), which 
is a function of cell voltage (V) and cell capacity (Ah kg-1). Since the energy density 
of a battery is decisively determined by its weight and potential, “Lithium-ion 
battery” (LiBs) and “Lithium batteries” (LBs) are the systems of choice, offering 
high energy density, flexibility and lightweight design and longer lifespan than 
comparable battery technologies (such as Ni-Cd and Ni-MH batteries, hereafter 
refer as “conventional batteries”) as shown in Figure 1.1. 
 
Figure 1.1: Comparison between different rechargeable battery technologies in terms of 
gravimetric and volumetric energy density 1. 
Elemental Lithium is the most electropositive (-3.04 V versus standard hydrogen 
electrode) and lightest metallic element (atomic weight of 6.94 g mol-1 and density 
of 0.53 g cm-3); thus “Lithium batteries” using metallic Lithium as the anode should 
offer the highest cell potential and one of the highest gravimetric capacities (3800 
mAh g-1) 1. In 1970s, Whittingham et al. 2, 3 is first to introduce the lithium batteries 




and lithium metal as anode. A decade later, Goodenough demonstrated a lithium 
battery with LiCoO2 as cathode and lithium metal as anode, in which the improved 
version of the former cathode materials (i.e. LiMO2 where M=Co, Mn) are still used 
predominantly in today’s batteries 4, 5. 
However, for lithium batteries using liquid electrolytes the uncontrollable growth 
of lithium dendrites during charging is the most common root of short-circuiting 
upon battery cycling (especially with higher current density), and prevented their 
widespread use. In details, the metallic lithium in liquid-based electrolyte will form 
a passivation layer of decomposition products on its surface during cycling of 
battery, which leads to non-uniform plating of lithium that eventually grows 
through the electrolyte connecting both the anode and cathode and thus causing a 
short circuit. Short-circuiting not only causes the battery to fail, in some cases it 
even generates enough heat to ignite the flammable organic electrolyte (termed as 
“thermal run-off”). Therefore, the commercialization of liquid electrolyte lithium 
batteries was halted due to their safety concern. 
              
Figure 1.2: Schematic representation of Li-ion battery under discharge. When charging the battery 
all reaction will take place in the reverse direction. Typical LiB with LiCoO2 and graphite requires 




To circumvent this safety issue, Armand in 1980 proposed a Li-ion or rocking chair 
concept by substituting metallic lithium by a second insertion materials with a 
lower standard electrochemical potential than the positive insertion electrode 6, 7. 
With the elimination of lithium in its metallic state, the Li-ion cell solved the 
dendrite problem but to compensate such shift in potential of the anode materials, 
high-potential insertion cathode materials are needed. In 1985, after almost 5 years 
of delay, Yoshino et al. 8 demonstrated a prototype cell with LiCoO2 as cathode and 
graphite as anode (see Figure 1.2) based on earlier work by Yazami and Touzain, 
who demonstrated that Li+ can be reversibly intercalated in graphite 9. This cell 
chemistry was later on adopted by Sony to release the first commercial LiB in 1991 
with a potential exceeding 3.6 V and gravimetric energy density of 120-150 W h 
kg-1 10. Thereafter, LiBs were predominantly used throughout the world replacing 
conventional batteries. 
1.2 Lithium ion Batteries Limitation and Solid-State Approach 
However, the proliferation of LIB technology into large scale energy storage 
system faces challenges in terms of safety, cost, cycle life and optimized energy 
density, most of which are linked to the use of highly reactive, flammable organic 
liquids as electrolytes. To mitigate these challenges, gel electrolyte (i.e. porous 
polymer soaked in liquid electrolyte) was introduced to trap and contain organic 
liquid electrolyte as a rigid free standing membrane which tentatively solves the 
leakage problem of the cell 11. Although coupling the high ionic conductivity from 
the liquid electrolyte and rigidity from the polymer entangling component, the gel 




flammability of liquid electrolytes and the cyclability issue (lithium dendrite 
growth).  
Monroe and Newman 12 predicted based on a computational study that the 
suppression of lithium dendrite growth can be achieved by increasing the mechanic 
modulus of the electrolyte to 6 GPa, which is impossible in liquid electrolytes and 
unlikely in polymer-gel electrolyte. Alternatively, dense ceramic membranes 
generally have modulus values exceeding 6 GPa, which make them ideal candidates 
to supress lithium dendrite growth. Furthermore, various ceramic ion conductors, 
especially oxide-based solid electrolyte have wide electrochemical stability 
windows, which make them compatible with both lithium metal anodes and the 
oxidizing agent in the cathode 13. Thereby also higher voltage cathode materials can 
be used to increase the energy density of the battery since most ceramic solid 
electrolytes have electrochemical windows ≥ 5 V 14. Therefore, a more radical 
solution is to replace the entire liquid electrolyte by a promising solid electrolyte, 
which led to the “all-solid-state lithium battery” (ASSLB) approach. 
1.3 All-Solid-State Lithium Batteries 
1.3.1 Overview 
The working principle of ASSLB is analogous to that of the conventional Li-ion 
batteries where Li+ is shuffled between anode and cathode as shown in Figure 1.3. 
Li+ moved to the anode through an electrolyte to cathode upon discharging, leaving 
behind Li+ vacancies. Simultaneously, electrons move through an external circuit 




forced back from cathode to anode, again through the electrolyte, by a reverse 
applied current as such to fill back the Li+ vacancies. These Li+ shuffling movement 
thus enables the cell to be rechargeable over an extensive number of cycles until 
the electrodes wear out. Although the role of electrolyte is often considered trivial 
in a battery, it actually plays a critical role in determining the ion transport. In the 
case of solid electrolyte, the electrolyte plays a dual role of separating the anode 
and cathode physically, as well as providing a mechanical barrier to prevent lithium 
dendrite growth 15. 
 
Figure 1.3: Schematic illustrate the operating principle of ASSLB during discharge, the Li+ moves 
in opposite direction upon charging. 
ASSLBs are electrochemical devices that integrate both solid electrodes and 
electrolytes and are capable to convert chemical reactions to electrical energy 
reversibly. In contrast to ASSLB, the predominant conventional lithium ion 
batteries utilize a combination of solid electrodes with electrolytic solutions, i.e.  
Lithium salts dissolved in organic solvents. By the replacement of the electrolytic 





 Improved safety with the elimination of flammable organic liquids. 
 Enhanced operating temperature range. 
 An electrochemically more stable solid electrolyte (SE) widens the choice 
of compatible electrode materials including lithium metal. 
 Longer cycle life and minimum battery self-discharge. 
 Greater resistance to shock and vibration. 
 Simplicity in design with elimination of need for casing/envelope (to 
contain electrolytic solution) and separator (since the SE can act as a 
separator by itself). 
 Possibility for miniaturization and design flexibility. 
 Enabling the usage of liquid cathode (catholyte) and anode (anolyte) 
systems such as in Li-air or flow batteries. 
 Highly selective ion transport leading to lithium transference number tLi+1. 
Despite these advantages, ASSLBs still suffer from several inherent challenges 
such as that most solid electrolytes possess a significantly lower room temperature 
ionic conductivity compared to that of liquid electrolytes. In addition, the interfacial 
contact area both within the solid electrolyte and in between solid electrodes and 
solid electrolytes needs to be maximized in ASSLBs to reach a performance that is 
comparable with that of cells employing liquid electrolytes. Obviously, if the solid-
state electrode|electrolyte interface loses their contact, charge transfer and capacity 
of the cell will plummet drastically. This indirectly imposes mechanical constraints 
at the interface, especially during cycling of the battery. In ASSLB systems with 




causes a high voltage drop and thus seriously limits the achievable current density 
in ASSLB.  
One approach to mitigate the internal resistance is by reducing the length of ion 
diffusion pathway, i.e. the thickness of the solid electrolyte. This can be realized 
with the fabrication of thin film electrolytes 16-18, which to this date still requires a 
sophisticated technologies. For a wider-spread use of ASSLBs, the cost of most 
thin-film processing techniques (e.g. RF sputtering) is prohibitively high. Thus 
low-cost thin film processable dense solid electrolytes are urgently needed. A more 
direct way to reduce the overall internal resistance is obviously to upsurge the 
interfacial contact area between the solid electrodes and electrolytes. In this context 
one creative approach is to fabricate a 3D nanoarchitectured cell (shown in Figure 
1.4), which increases the interfacial contact area and eventually also the volumetric 
energy density 19, 20.  
 
Figure 1.4: Schematic of 3D integrated all-solid-state Li-ion battery which surface enlargement 





In thin film batteries for low power applications (such as RFID tags, sensors, etc.) 
an acceptable cell resistance can be achieved by a variety of solid electrolytes, as 
long as the solid electrolyte layer can be kept sufficiently thin. This has many 
advantages in the continuing trend toward electronic miniaturization and 3D 
nanoarchitectural microbatteries.  
However, the materials combinations used in thin film ASSLB are optimized for 
processability into dense thin films and mostly are able to deliver only an extremely 
limited power density and capacity. These are not suitable for proliferation to 
larger-scale application (e.g. electric vehicle battery), as the mechanical stresses 
occurring during charge and discharge in such bulk batteries require thicker solid 
electrolyte membranes that can withstand these stresses but the cell resistance has 
to remain low (i.e. the conductivity of the membranes has to be orders of magnitude 
higher). Besides, simply scaling up the conventional thin film fabrication technique 
(e.g. RF sputtering for LiPON) is not feasible as the cost would be by far too 
overwhelming.  
Other technical difficulty includes limitation in fabricating the thickness of the thin 
film, as it is obviously governed by the particles size of the solid electrolyte. Until 
today, bulk ASSLB research efforts still aim at finding an ideal solid electrolyte 
with high ionic conductivity, wide electrochemical windows and adequate 
mechanical stability that works well with the commonly used intercalation 




1.4 Current Solid Electrolyte Challenges 
Although solid electrolytes are promising alternative to constructing all-solid-sate 
lithium batteries (ASSLB), there are several major issues hampering their 
application and commercialization beyond the established thin-film devices. To 
discuss these issues, example of an ideal solid electrolyte which should satisfy the 
following rigorous demands for a solid electrolyte in a bulk all-solid state battery 
is taken as a benchmark standard: 
 High total Li+ conductivity (at least in the order of ~10-4 S cm-1). 
 Li+ transference number of approximately 1 across the solid electrolyte. 
 Negligible solid electrode|solid electrolyte interface resistance. 
 Electrochemical stability up to 6V versus Li+/Li. 
 Electrochemical stability against Lithium metal. 
Several existing fast Li+ ion conductors are listed in Table 1 based on the crystal 
structure, inorganic solid electrolyte includes “NASICON” LiM2(PO4)3 (MIV=Ge, 
Ti, Hf and Zr) 21-24, “Perovskite” Li3xLa2/3-x□1/3-2xTiO3 (□: A-site vacancies) 25, 
“LiPON” LixPOyN(5+x-2y)/3 16, 26, Li10GeP2S12 27, 28, “Argyrodites” Li6PS5X (X = Cl, 
Br) 29, 30, Li2S-P2S5 glass-ceramic 
31 and “Garnet” Li7-xLa3Zr2-xMxO12 (M = Ta, 
Nb)32-35. NASICON-types electrolyte (Ti-based, LATP 23, 24 and Ge-based, LAGP 
21) has attracted considerable attention due to their high conductivity but M4+ tends 
to be reduced to  lower oxidation states upon direct contact with metallic lithium 
(M = Ti4+, Ge4+), leading to an increase of electronic conductivity in solid 




observed in the case of Perovskite-type electrolyte LLT, where the Ti4+ is reduced 
in contact with metallic Lithium, although high ionic conductivity in the order of 
~10-3 S cm-1 is reported 25.  
Among the listed solid electrolytes, only the LiPON, Argyrodites, LGPS and 
Garnet-type electrolyte are (at least kinetically) stable in contact with Lithium 
metal. LiPON make full use of its wide kinetic stability window from 0 to 5.5 V vs. 
Li/Li+ mainly in the thin film battery, despite having a low ionic conductivity of 
~10-6 S cm-1. Nevertheless, preparing LiPON requires sophisticated sputter systems 
18, 26 and would become prohibitively expensive when compared to other solid 
electrolytes for use in bulk solid state batteries.  
Arygrodite-type solid electrolytes Li6PS5X exhibit high Li
+ conductivity of 10-4 – 
10-3 S cm-1 and are kinetically stable in contact with Lithium metal. However, like 
many sulphides (and particularly thiophosphates), the argyrodites are highly 
hygroscopic and produce toxic H2S as byproduct when in contact with moisture 
29. 
Novel superionic conductor, Li10GeP2S12 which possess Li
+ conductivity of 1.2×10-
2 S cm-1 is reported by Kamaya et al. 27 which is on par with the liquid electrolyte. 
More recently, Seino et al. 31 reported an even higher lithium conductivity of 
1.7×10-2 S cm-1 for Li2S-P2S5 glass-ceramic containing fast-ion conductor Li7P3S11. 
Very recently, Kanno group 37 reported another superionic conductor with 
composition Li9.54Si1.74P1.44S11.7Cl0.3 and an LGPS-like structure having a 
breakthrough Li+ conductivity of 2.5 ×10-2 S cm-1, which is the highest ionic 
conductivity reported for solid electrolyte so far. He could also demonstrate that the 




lithium and lithium-ion batteries that can be charged and discharged with rates that 
exceed the rate capability of conventional liquid electrolyte lithium-ion batteries. 
However, the instability of these sulphides with moisture again limits their usage 
to full potential in ASSLB due to toxicity concern. Thus, these sulphides requires 
a dry environment or air-tight sealing for the cell to work and yet the toxicity 
remains an issues need to be addressed urgently. 
This leaves the garnet-type materials as candidates for high stability solid 
electrolytes. More details on these will be discussed in details in the following 
section. 
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From the above brief review of several potential solid lithium ion fast conductors, 
most solid lithium conductors so far do not fulfil all the requirement. Among all, 
the garnet-type solid electrolytes, LLZ which was first reported by Weppner group 
34 appears to come closest to the benchmark criteria, as LLZ exhibits the useful 
range of lithium ion conductivity and at the same time is stable in contact with both 
lithium metal and oxidising cathode materials. Therefore, in this thesis work, the 
garnet-related solid electrolyte is extensively studied to realize its potential as 
ASSLB. 
1.5 Garnet-related solid electrolyte 
1.5.1 Overview 
The term “garnets” originally corresponds to a class of cubic silicate minerals 
A3B2(SiO4)3, where A represents a divalent cation (A = Ca, Mg, Fe, Mg), B 
represent a trivalent cation (B3+ = Al3+, Fe3+, Cr3+). In a wider sense the term garnets 
comprises structurally related compounds of general chemical formula A3B2(CO4)3 
(A = Na, Ca, Mg, Y, La or rare earth; B = Al, Fe, Ga, Sc, Ge, Mn, Ni, V, … ;  C = 
Si, Ge, Al, P, V,…) where A, B, and C refer to eight, six and four oxygen 
coordinated cations, respectively. The garnets structure consists of CO4 tetrahedral 
and BO6 octahedral that are connected via shared corners and eightfold-coordinated 
cations forming a triangular AO8 dodecahedron. The aristotype garnet structure 
adopts the cubic space group Ia-3d with a lattice parameter typically in the range 




tetragonal structure (typical space groups I41/acd, I41/a). The arrangement of the 
coordination polyhedral in the garnet structure is shown in Figure 1.5.  
 
Figure 1.5: Schematic crystal structure of garnet-related metal oxides. 
Garnets are well-known to exhibit functional physical and chemical properties for 
application e.g. in magnetic and optical devices because of their structural 
flexibility which allows various chemical substitutions giving rise to a large number 
of phases of high stability. 
1.5.2 Lithium-stuffed garnets 
Garnet-related complex lithium oxides are of great interest as they retain the high 
structural and thermodynamic stability characteristic of the garnet network 
structure, while some of them also exhibit a high Li ion conduction making them a 
suitable candidate for solid electrolytes in batteries. A key feature of Li ion 
conducting garnet-related compounds is that the garnet structure allows for the 
accomodation of remarkable levels of cation excess. Thus, in contrast to the 
A3B2(CO4)3 stoichiometry of proper garnets, the Li




compounds contain significantly higher cation contents. For the sake of brevity and 
following common usage in the scientific literature, these Li-stuffed garnet related 
compounds will also be termed (lithium-stuffed) garnets in the further discussion 
in this report 36, 39.  
Commonly studied lithium-stuffed garnets contain five to seven lithum atoms per 
formula unit. For garnets with low Li contents  the lithium occupies the 
tetrahedrally coordinated C-type site (e.g. for Li3Nd3W2O12; A = Nd, B = W, C = 
Li). For higher Li contents (i.e. Li-stuffed garnets) at least the additional Li has to 
be stored in a different site type and experimentally it is found that for somewhat 
higher Li-contents, additional Li is stored on or near an additional type of 
octahedrally coordinated site that is vacant in the garnet structure and would 
theroetically allow for a total Li content up to Li7.5A3B2O12. With increasing Li 
content the preference for the tetrahedral 24d site over the octahedral 96h site is 
gradually reduced or even inverted for high Li concentration compounds 15. 
Generally, the conductivity of garnet compounds increases with increasing Li ion 
concentration in Li-stuffed garnets.  
The first studied Li+ ion conductors based on Li-stuffed garnet-type compounds are 
Li5La3M2O12 (M = Nb, Ta) 
40 which were reported by Thangadurai et. al. in 2003 
and a subsequent follow up to partially substituting trivalent La3+ with divalent ions 
to obtain garnet compound of Li6ALa2M2O12 (A = Ca, Sr, Ba; M = Nb, Ta) were 
published in 2005 41, 42. Li5La3M2O12 and Li6ALa2M2O12 (A = Ca, Sr, Ba; M = Nb, 




Li6BaLa2Ta2O12 showing higher conductivity of 5.0 × 10
-5 S cm-1 41) at room 
temperature with a good chemical and themal stability.  
1.5.3 Garnet Li7La3Zr2O12  
Reducing the charge of the B cation to 4+ as in cubic “Li7La3Zr2O12 (LLZ)”, which 
was first reported in 2007 by the Weppner group (Murugan et. al. 34), increased the 
Li+ concentration to near to the theoretical maximum and led to the most promising 
garnet-related fast lithium ion conductor. However, soon thereafter Awaka et. al. 
found that pure equilibrated LLZ adopts a tetragonal phase of group of I41/acd 
instead (refer Figure 1.5) 43. They have shown that LLZ forms a less conductive 
tetragonal structure when formed at 980°C (while they claimed that a highly 
conductive cubic phase is formed at 1230°C 44).  
In the meanwhile it has been clarified that the structural stability of the fast-on 
conducting cubic LLZ phase at room temperature requires a partial replacement of 
Zr by dopants (intentional doping 15, 45, 46  e.g. by Nb5+, Ta5+ ; the samples of the 
original paper were later reported to contain Al3+ impurities from crucibles 43). Pure 
Li7La3Zr2O12 crystallizes at room temperature in the tetragonal space group I41/acd. 
The diffusionless transition from the cubic high temperature phase to the tetragonal 
phase has recently also been confirmed by DFT calculations 35, 47. Essentially the 
transition is an order-disorder transition affecting primarily only the Li sites 15, so 
that the cubic phase can be obtained as a metastable phase by synthesis routes that 
prevent Li ordering. The bulk ionic conductivity of a sintered pellet (ca. 92% 




which would be acceptable for a lithium battery electrolyte, while the room 
temperature conductivity of the Li-ordered tetragonal phase is more than 2 orders 
of magnitude lower. 
 
Figure 1.6: Crystal structure of (a) cubic LLZ (b) tetragonal LLZ 43, 44. 
Shimonishi et al. 48 reported LLZ to be stable in an aqueous electrolyte and a water 
stable lithium electrode could be produced using LLZ without a polymer electrolyte 
interface, because LLZ is stable with lithium metal. Such a water stable lithium 
metal electrode could become a key component of a ‘protected’ anode system in 
high energy density lithium-air secondary batteries 49, 50.  
In cubic LLZ, the two types of partially occupied tetrahedral (24h) and distorted 
octahedral (96h) Li sites alternate along a 3D network of Li+ ion migration 
pathways 15, which results in short Li-Li hop distances between sites of nearly the 
same energy along the migration pathway as shown in Figure 1.7. On the other 
hand, tetragonal LLZ indicates Li atoms occupying one tetrahedral site (leaving a 




distorted octahedral sites 43. As a result of the ordered nature of the Li atoms and 
vacancies distribution, the site energy of the Li sites differs and thus activation 
energy for Li hops along the pathway network in tetragonal LLZ is about twice as 
high as in the cubic phase, resulting in about two orders of magnitude lower 
conductivity than that of (hypothetical) pure cubic LLZ. 
 
Figure 1.7: Network of Li(1)-Li(2)-Li(2)-Li(1) atomic arrangement in cubic LLZ 15. 




•) doping 15, 34, 45, 51-53. Thereby cubic Li7-xLa3Zr2-xMxO12 (M 
= Nb, Ta, x = 0.25) can be retained at room temperature when 1/8 of the Zr4+ is 
replaced by M5+. This doping enhances ionic conductivity by increasing the 
vacancy concentration and consequentially reducing the degree of local Li ordering. 
Murugan et al. reported that the cubic LLZ is chemically stable both in contact with 
molten lithium, and in ambient dry or humid air for several weeks 34. Moreover, 
Ohta et al. also demonstrate stable cyclic voltammetry of Li6.75La3Zr1.75Nb0.25O12 
with no side reactions up to 9V versus Li+/Li 33. In the original publication Murugan 




stable in the range of 20-900°C in air, as no major weight loss or phase transitions 
were detected over the heating and cooling cycles in TG-DTA. This is also 
consistent with a later report by Shimonishi et. al. on structural stability of cubic 
LLZ in various aqueous electrolyte (0.1 M HCl, 1 M LiOH, saturated LiCl and 
water) for one week and suggested that LLZ might function as the anode-protecting 
membrane for water stable lithium electrode without a need for a polymer 
electrolyte interface 48. 
1.5.4 Li+/H+ exchange in garnet 
Cubic LLZ has been reported to be structurally stable in various aqueous solutions 
including 0.1 M HCl, 1 M LiOH, saturated LiCl, and distilled water after treatment 
at 50°C for one week with respect to the XRD measurement 48. Yet this structural 
stability of the garnet framework should not be confused with chemical stability. 
On the other hand, the lithium ion conductivity showed no major changes after 
treatment with saturated LiCl. Significant conductivity decrease was observed for 
LLZ in water, while this conductivity decrease was found to be less pronounced for 
LLZ in other aqueous electrolytes. Shimonishi et al. 48 finds almost no change in 
bulk conductivity for H2O treated samples, but significant decrease in grain 
boundary conductivity which might be caused by the deposition of high resistance 
decomposition products. Significant changes in surface morphology is also 
observed for LLZ immersed in H2O suggesting that LLZ may be unstable in water 




During the water treatment of the garnet phases, Li ions may – as proposed by 
Nyman et al. 54 and first studied in detail by the Thangadurai group 55 on garnet 
Li5La3Nb2O12 – be leached out from garnet phase and replaced by protons which 
are incorporated into the garnet structure (refer Figure 1.8), turning the water into 
a LiOH solution (as evidenced by a fast increase of pH value). The basic LiOH 
solution will also absorb ambient CO2 to produce Li2CO3 as a byproduct.  
 
Figure 1.8: Schematic diagram to illustrate the analogy of Li+/H+ exchange whereby one H+ 
diffuses into the garnet lattice to replace Li+. This Li+ will subsequently leeches out from the 
garnet lattice to form LiOH with humid air. 
Galven et al. observed the same Li+/H+ ion exchange for other Li-stuffed garnets 
(Li7La3Sn2O12) in benzoic acid and ethanol solution 
56. However, Truong et al 57 
concluded that the tendency to replace Li+ by H+ would decrease with increasing 
Li+ content and for Li7-compounds so that for LLZ full proton-exchange would not 
be expected in water alone 57 and the partial ion exchange could be reversed or 
counteracted using a saturated LiNO3 solution 
55 or saturated LiOH solution 58. In 
contrast, Galven found that it is essentially the Li+ content exceeding the 3 Li+ that 
would fit on the tetrahedral site that are liable to exchange in humid atmosphere 38.   
Despite the early works that claimed LLZ to be “chemically” stable against 




research clarified that LLZ is chemically unstable against moisture, where lithium 
ions in LLZ can be exchanged by protons after immersion in water 45, 54, 58. To some 
extent, the same authors also reported the ion exchange could take place even in 
wet or humid air 45, 60, 61. This was initially overlooked as up to a substantial Li+/H+ 
exchange, the garnet-related structure is preserved. Actually, the spontaneous 
Li+/H+ exchange reaction initially has a beneficial effect on the conductivity of 
undoped LLZ. While in LLZ the high lithium concentration and close proximity of 
available sites imposes an ordering into the tetragonal phase, the replacement of 
lithium ions by protons in the LLZ lattice destabilizes the lithium-order in the 
lithium-stuffed garnet structure and promotes the formation of cubic Li7-
xHxLa3Zr2O12 
38.  
Howard et al. 61 also demonstrated that spontaneous Li+/H+ exchange in 
Li5.5La3Zr2Ga0.5O12 can be beneficial for low temperature impedance measurement 
as reaction with moisture in air reduce the grain boundary resistivity and hence 
elevated the total conductivity. Despite the promising benefits of Li+/H+ exchange 
in garnet LLZ mentioned, H+ contribution toward the overall conductivity remain 
unidentified. Nyman et al. 54 were, as mentioned above, the first to emphasize the 
possible instability of garnet-related electrolytes in contact with moisture by 
demonstrating the ease of H+/Li+ exchange in Li5La3M2O12 (M= Ta, Nb) immersed 
in water to form the partially protonated analogue, Li5-xHxLa3M2O12 (M=Ta, Nb). 
Partial Li+/H+ exchange in the meanwhile also has been reported for the garnet-
related phases of Li6.75La3Nb0.25Zr1.75O12 
58, Li7La3Sn2O12 
38, 62 and Li5+xBaxLa3-
xM2O12 (M=Ta, Nb, x=0, 0.5, 1) 




analogue of Li-stuffed garnets show higher chemical stability in water compared to 
Nb-analogue due to stronger Ta-O bonds compared to Nb-O bonds.  
1.5.5 Challenge of LLZ in ASSLB 
To access the feasibility of LLZ as solid oxide electrolyte for ASSLBs, several 
attempts have been reported ever since the first high Li+ conductivity garnet-type 
LLZ were reported in 2007 by the Weppner group 34. It is generally considered that 
practical ASSLBs should only be fabricated by solid-phase fabrication process. 
However, such only solid-phase fabrication generally has lower electrochemical 
performance because the interfacial resistance of ASSLB is still highly dependent 
on the interfacial contact between the electrodes and electrolytes 14, 33, 64-66. Thus, 
the poor-solid contact of electrode-electrolyte is the main challenging issue for 
these stiff ceramic membrane 14.  
One can imagine if either one of the components is soft and deformable enough to 
maintain interfacial contact, it is more likely for the ASSLB to perform better. To 
achieve favorable solid-solid interfacial contact, different methods were 
investigated including pulsed laser deposition (PLD) technique 33, 64, 65, screen 
printing method 67, tape casting 66, 68 and aerosol deposition 69, 70. Kotobuki et al. 66 
prepared LiCoO2|cubic LLZ|Li cell with a still very low discharge capacity of 0.6 
mAh g-1 or 15 µAh cm-2 by a sol-gel deposition of LiCoO2 directly on top of LLZ 
sintered pellets. Later, Ohta et al. 33 demonstrated a 
LiCoO2|Li6.75La3Nb0.25Zr1.75O12|Li battery by using PLD to improve the interfacial 




discharge capacity of 125 mAh g-1 with current density of 3.5 µA cm-2. The lower 
crystallinity of LiCoO2 prepared by PLD remains an issue in their cell. Later the 
same group followed up with an attempt of screen printing a mixture of LiCoO2 
and Li3BO3 as a cathode directly on top of LLZ-Nb 
67. This approach aims to further 
improve the interfacial contact between LLZ and LiCoO2 by melting Li3BO3 during 
post-annealing process. However, the performance (discharge capacity of 85 mAh 
g-1 or 0.5 µAh cm-2) (at a rate of 0.05 C or current density = 10 µA cm-2) showed 
no major improvement compared to the previous PLD approach. Ohta et al. 71 in 
the following year sintered a composite cathode pellet (i.e. LiCoO2 + Li3BO3 + 
LLZ-CaNb) which was cold pressed to Li6.8La2.95Ca0.05Zr1.75Nb0.25O12 (LLZ-CaNb) 
pellet followed by coating of lithium metal. The stacked ASSLB showed a 
discharge capacity of 78 mAh g-1 with rate of 0.01 C.  
Ahn et al. 70, 72 deposited a C-coated LiFePO4 film (ca. 600 nm) by aerosol 
deposition technique directly on LLZ-Al pellet (ca. 500 µm). Despite a high room 
temperature Li+ conductivity of 1.58×10-4 S cm-1 of the solid electrolyte, their 
LiFePO4|LLZ-Al|Li cells only showed a low discharge capacity of 6×10
-4 µAh cm-
2 at room temperature and were only able to promote to 12 µAh cm-2 upon heating 
at 140 °C. Ahn et al. 69 then try to reduce the LLZ-Al thickness to 20 µm with 
aerosol deposition with an ionic conductivity of 1×10-8 S cm-1 at 140 °C. A 
multilayer aerosol deposited Carbon-LiFePO4|LLZ-Al which attached directly to a 





Wachsman et al.73 developed a multilayer LLZ solid electrolyte where a denser 
layer is sandwiched by two additional porous layers (in scaffold structure with 20-
100 µm thickness), where the dense layer is tape-cast followed by colloidal 
deposition to form the porous counterparts. These porous layers were then filled 
with molten Li (anode) and Li2FeMn3O8 with graphene composite (cathode) to 
form a lithium battery with estimated specific energy of ~ 600 Wh kg-1. Only very 
recently, Du et al. 68 managed to construct a cell of composite 
LiFePO4|Li6.4La3Zr1.4Ta0.6O12|Li (i.e. composite cathode of LiFePO4, LiTFSi, 
Ketjen Black and polyvinyl fluoride dissolved in N-methyl-2-pyrrolidone is tape-
cast directly on top of a 1mm thick LLZ pellet) with discharge capacity of 150 mAh 





1.6 Thin film battery technology 
1.6.1 Overview 
A thin film battery is composed of several electrochemical cells that are connected 
in series and/or in parallel to provide the required voltage and capacity. The concept 
of designing thin-film batteries is the deposition of thin films of anode, electrolyte 
and cathode sequentially on a substrate. Conventional thin film batteries are built 
layer by layer, mainly by vapor deposition and sputtering. While the key 
components are the same as for bulk batteries, the main feature of thin film batteries 
is their smaller thickness, ranging from several microns to several millimeters. As 
a consequence they often reach higher volumetric and gravimetric energy densities, 
superior power capabilities and design flexibility when compared to bulk batteries 
74. In practice, most of the research and development activities are targeting 
individual cells with an active area of less than 25 cm2 but their areas can be 
minimized to 1mm2. Figure 1.9 shows an example of a typical thin film battery 
layout.  
 
Figure 1.9: Schematic cross-section of a thin film battery fabricated by vapor deposition 74. 
To date, rechargeable lithium batteries and lithium-ion batteries based on Li+ 




energy density thin film batteries, rechargeable lithium batteries are commonly 
based on the reversible reaction between lithium metal (which is the most 
electropositive metal) as the anode and a layered transition metal oxide as the 
insertion cathode material. The basic electrochemistry involves only the transfer of 
Li cations between the insertion electrode and the Li metal. Thus, the volume of the 
electrolyte can be minimized just enough to fabricate a thin film. The key property 
of such a thin film solid electrolyte is thus to have a high ionic conductivity, a 
negligible electronic conductivity and to be stable in contact with both the anode 
and cathode. 
1.6.2 Current thin film battery materials 
The most typical thin film battery layout consist of a lithium metal film as anode, 
lithium phosphorous oxynitride (LiPON) as electrolyte and lithium transition metal 
oxides (e.g. LixCoO2 
17, 75, 76, LixV2O5 
18, LixMn2O4 
77) or polyanionic compounds 
(e.g. LixFePO4 
19) as the cathode. The active materials used for thin film cathodes 
and anodes are familiar intercalation compounds but the microstructure and often 
the cycling properties of the thin films may be quite distinct from those of powder 
electrodes batteries.  
Thin film LiB often achieve a long cycle life  of more than 10,000 cycles 17 and 
correspondingly a very low capacity fading of e.g. only 0.002% per cycle (for a thin 
film battery consisting of 2 µm lithium metal by thermal vaporization, 3 µm LiPON 
and 0.5 µm LiCoO2 by radio-frequency sputtering 
17). The capacity fading even 




discharge depth. The better cyclability of such extremely thin films results from the 
easier release of strain so that the structure can be maintained while cycling. Thin 
film ASSLBs will be the best alternatives in cases when long term operation is 
required for low power system and absolute discharge capacity requirements per 
discharge cycle are low 74. Therefore, thin film batteries take advantage of the small 
thickness which benefits the less ion conductive electrode and electrolyte materials. 
However, similar to the conventional LiB, thin film batteries suffer from volume 
expansion during charge/discharge cycles, interfacial reactions between electrodes 
and electrolytes and low ionic conductivities of cathode and electrolyte.  
The most commonly employed solid electrolyte in thin film batteries to date is 
lithium phosphorous oxynitride (LiPON), which was first described by Bates et al. 
in the early 1990s 26. In principle, LiPON can be considered a Li phosphate glass 
in which some of the P-O-P bridges have been replaced by P-N-P bridges leading 
to a composition LixPOyNz with x=2y+3z-5 ≈ 2.88. Nitrogen doping not only 
increases the ionic conductivity but also enhances the chemical and thermal 
stability of lithium phosphate glass. LIPON is deposited by RF magnetron 
sputtering from ceramic Li3PO4 target using a nitrogen process gas to form the 
plasma. The main advantage of the LiPON film is that as a glass, it is free of grain 
boundaries or any columnar microstructure so that even very thin layers are dense. 
The conductivity can be tuned to a certain extent by varying the nitrogen partial 
pressure during sputtering 17, 18, but the reported ionic conductivity of 2 × 10-6 S 
cm-1 remains relatively low. Nevertheless it is commonly employed because of the 




conductance) and the nitridation widens the electrochemical window to 5.5V versus 
Li/Li+ including thermal stability in contact with lithium metal 16, 17. Furthermore, 
the electronic resistivity of LiPON is approximately 1014 Ω cm, which ensures 
minimal self-discharge. 
1.6.3 Three dimensional architecture thin film battery 
Conventional thin film batteries are fabricated based on a planar two dimensional 
(2D) design but because of energy per unit area restriction of this planar designs, 
the search for three dimensional (3D) architectural designs has gained more 
importance recently. The strong market demand stimulates the need for 
development of advanced ASSLB technologies capable of improving the energy 
density, cycle life and charge/discharge rates while reducing the footprint of 
batteries. One strategy to address these goals involves advanced structural design 
of the three essential battery components, i.e. anode, cathode and electrolyte.  
Three dimensional structure fabricated from direct ink writing (or more commonly 
known as ‘3D printing’) using colloidal ink offers an attractive alternative for 
meeting the demanding battery performance requirement under the constraint of a 
limited form factor. 3D printing is achieved using additive processes, where an 
object is created by laying down successive layers of materials in x, y and z axis. 
Figure 1.10 shows an illustration of 3D printed micro-LiB using Li4Ti5O12 (LTO) 






Figure 1.10: Illustration of 3D design for LiB-type microbattery (left), SEM image of the actual 
printout (right) 19. 
Three-dimensionally architectured thin film battery (hereafter called 3D 
microbattery) could potentially increase the energy density by fully utilizing the 
limited space available 78. Such architectural design in LiB also reported to improve 
the rate capability and capacity retention when compared to planar designs of the 
same capacity 19. However, such 3D microbattery performance heavily relies on the 
3D architectural design and microbattery configurations. Several 3D architectural 
designs have been proposed as shown in Figure 1.11.  
 
Figure 1.11: Schematic of different proposed 3D architectural design; (a) rod type, (b) plate type, 
and (c) sphere type for 3D microbattery 78. 
To date, 3D structure have been produced by conventional lithography 20, colloidal 
templating methods 79, 80, Atomic Layer Deposition (ALD) 81 and 3D printing 19 




unprecedented improvement in Li ion diffusion kinetics in the entire device, within 
and between the electrodes. However, like thin film batteries, the difficulties of 
creating a robust and inexpensive fabrication technique and formulation of high 
lithium conductivity solid electrolyte ink limit the practical commercialization of 
3D microbattery. Moreover, it is still challenging to produce a 3D ASSLBs because 
more interface contact area has to be retained during cycling. 
1.7 Objectives and Scope of this Work 
Based on the above discussion, the fast ion conducting garnet-type solid electrolyte 
LLZ, which benefits from its chemical stability against reduction by lithium or 
oxidation by common cathode materials coupled with its high Li+ conductivity has 
emerged as one of the promising materials for all-solid-state lithium battery. 
Nevertheless, there are a few key obstacles that need to be addressed before 
realization of garnet-type solid electrolyte ASSLB.  
First, the synthesis of  dense (doped) LLZ membranes in a single cubic phase, 
which has Li+ conductivity of two orders magnitude higher than its 
thermodynamically stable tetragonal phase counterpart. Secondly, the so far limited 
understanding on the effect of Li+/H+ exchange on the chemical stability of LLZ 
despite its excellent structural stability in humidity. Lastly, practical processing 
routes have to be engineered to achieve thinner membranes, a direct deposition of 
electrolytes and electrochemically stable electrode slurries to enable the fabrication 
of a working secondary ASSLB. In spite of the mentioned claims that LLZ could 




cells and to the best of our knowledge no full ASSLB cells have been reported to 
date. 
This dissertation focuses on elaborating the required processing technique, 
stabilization of the desired cubic garnet phase, minimization of Li+/H+ exchange 
and realization of the ASSLB using LLZ. Thereby, this dissertation tackles the three 
key obstacles as mentioned above. Specifically, the objectives are described as 
follows: 
 To understand and control the formation and decomposition mechanisms of 
Li7La3Zr2O12 heating in ambient air environment. 
 To synthesize and stabilize the cubic phase of Li7La3Zr2O12 by aliovalent 
doping and to study the effect of doping on the ionic conductivity and 
electrochemical properties. 
 To explore the viability of fabricating (doped) Li7La3Zr2O12 thin films using 
the inexpensive and scalable tape cast technique. 
 To study the effect and mechanism of Li+/H+ exchange in Li7La3Zr2O12. 
 To fabricate working secondary all-solid-state lithium and lithium ion 
batteries that employ LLZ as their solid electrolyte. 
The description of my work will start in Chapter 2 with the details of the 
experimental methods used in the preparation and characterization of materials and 
devices. Chapter 3 then focuses on optimizing the synthesis and of cubic LLZ by 
solid state reaction and characterization of the produced solid electrolytes. The 




investigated. The thin film LLZ fabrication is elaborated in Chapter 4 and LLZ ink 
formulation using different solvent-binder is discussed. In Chapter 5, the moisture 
sensitivity of LLZ is highlighted and the effect of Li+/H+ exchange in LLZ is studied 
in depth. Chapter 6 then focuses on the realization of ASSLBs using the LLZ 
produced in the previous chapters. The accomplishment of this thesis dissertation 
as well as future directions of research based on my findings will finally be 






2 Experiment Details 
2.1 Synthesis of Li7-xLa3-yZr2-xTaxGayO12 (LLZ) 
The lithium stuffed-garnet with nominal composition of Li7-xLa3-yZr2-xTaxGayO12 
(x=0.25, 0.4; y=0, 0.05) were prepared from carbonates and oxides via a solid-state 
reaction method. Stoichiometry ratio of La2O3, Zr2O, Ta2O5, Ga2O3 and Li2CO3 
(the latter with 10% excess to compensate for expected lithium losses during the 
synthesis) were mixed together via high energy ball-milling (Pulverisette, Fritsch, 
Germany) using zirconia bowl and balls at 400 rpm for 5 h to ensure homogenous 
mixing. Since zirconia bowl and balls are used, the amount of precursor Zr2O is 
regulated to be 98 wt.% to modulate excess Zr2O coming from other Zr
4+ source.  
Due to the hygroscopic nature of lanthanum oxide, La2O3 was first pre-dried at 
900°C for 12h in a zirconia crucible before use. The garnet phase was then formed 
from the ball-milled precursors by heat treatment at 950°C for 18 h in a platinum 
crucible. The resulting garnet powder was then ground by a second ball milling step 
using the same zirconia bowl and balls at 400 rpm for 2.5 h to obtain a homogenous 
powder. The ground powder was either used in this state or cold-pressed into pellets 
with stainless steel dies for the subsequent sintering process at 1100°C for 12 h with 
a cooling rate of 2 °C/min. Mother powder of the same composition was used to 




evaporation. Throughout the synthesis process, Al-free crucibles (Pt, ZrO2) were 
used to prevent unintentional Al doping.  
N.B.: It should be noted that all powder samples of LLZ are referred to as POW, 
while the powder then underwent a subsequence sintering step to form pellet 
sample are referred to as PEL unless indicated specifically. 
2.2 Preparation colloidal ink 
2.2.1 Aqueous colloidal ink 
Aqueous type colloidal ink of LLZ was prepared by dispersion of 1 g of LLZ 
powder and 50 mg of polymeric hyperdispersant Solsperse 20000 (Lubrizol) in 10 
ml of solvent mixture of 66.5 vol.% deionized water, 27 vol.% absolute ethanol, 
5.5 vol.% diethylene glycol and 1 vol.% triethanolamine. The suspension 
underwent ball milling in zirconia bowl 450 rpm for 5 hours to achieve a stable 
colloidal suspension. The stable suspension was mixed with an appropriate amount 
of water-soluble carboxymethyl cellulose sodium salt (CMC) to achieve the 
targeted viscosity. Aqueous colloidal inks of the composite anode (Li4Ti5O12) and 
cathode (LiFePO4) are also prepared using the same procedure mentioned above 
where 1 g of LLZ is replace by 1 g of electrode composite  consisted of Li4Ti5O12 
(or LiFePO4), bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and carbon 
black (CB) by 55%:36%:9% weight ratio. The slurry of these electrode materials 





2.2.2 Non-aqueous colloidal ink 
The non-aqueous colloidal ink of LLZ was prepared by dispersion of 1 g of LLZ 
powder and 50 mg of polymeric hyperdispersant Solsperse 20000 (Lubrizol) in 1.5 
ml mixture of tetraethylene glycol dimethyl ether (TEGDME) and polyvinyl 
butyral resin (Butvar B-98) by 55:1 volume ratio. The thick slurry is homogenized 
by mortar grinding and heated to 70°C to reduce its viscosity for subsequent 
processing (e.g tape casting or molding). Non-aqueous colloidal inks of the 
composite anode (Li4Ti5O12) and cathode (LiFePO4) are also prepared using the 
same procedure mentioned above. The comprehensive procedure of the composite 
electrode slurry is described in details in Section 6.1. The slurry of these electrode 
materials are then used to deposit the anode or cathode layer of the all-solid-state 
battery. 
2.2.3 Tape casting 
The solid electrolyte colloidal ink was deposited on aluminium foil and 
subsequently tape-cast into a ca. 30 μm thin film using an MTI film coater at a 
speed of 15 mm/s and a temperature of 70 °C to assist the drying of the ink. The 
tape casting process is repeated for subsequent layers until a desirable coverage and 
thickness is achieved (e.g. 4 times for achieving 150 μm). The film produced by 
aqueous ink is further dried at 100 °C for 2 hours and a disc-shaped film with a 
diameter of 12.7 mm is cut with a precision disc cutter for subsequent 
characterization. For non-aqueous ink, the film is dried in a vacuum oven at 120 °C 




2.2.4 Assembly of All-solid-state Lithium Batteries 
All-solid-state lithium battery (ASSLB) was assembled as follows. A composite 
cathode slurry of LiFePO4 (or Li4Ti5O12) was coated on one side of the LLZ pellet 
(or thin membrane), then dried at 80°C in vacuum for 24 hours to evaporate the 
solvent in the slurry.  After drying, lithium foils were attached on the opposite side 
of the LLZ pellet in the argon-filled glove box (oxygen and moisture level < 0.1 
ppm) as the anode, when using LiFePO4 (or Li4Ti5O12) as the positive electrode, 
respectively. Finally, this pellet is placed inside a Swagelok cell (see Figure 2.1) 
with two stainless steel rods pressing on both sides of the pellet as current 
collectors; the Swagelok cell maintained sufficient pressure to ensure good contact 
between the electrodes and solid electrolyte at all time during all the 
electrochemical testing. The Swagelok cell is regularly monitored that the screw is 
tightened and for the cases where long cycle heating is required, clamp is used to 
further secure the contact. 
 
Figure 2.1: Schematic diagram of all-solid-state battery in a Swagelok cell connected to a 




2.3 Lithium-proton exchange test for LLZ 
2.3.1 Stability of LLZ in aqueous solution 
The lithium-proton exchange was conducted via immersion of fixed mass ratio 
(1:20) of LLZ powders and pellets in deionized water for 1, 3, 5 and 7 days at room 
temperature. Typical amount of 0.5 g LLZ is immersed in 10 ml of deionized water. 
During immersion, the pH value was recorded periodically (MT Seven Compact 
pH Meter). Samples after the immersion were freeze dried for 24 h prior to 
subsequent testing. Except during synthesis, pH measurement, and freeze-drying, 
the samples were stored in the argon-filled glove-box (< 0.1 ppm of O2 and H2O, 
respectively) to minimize exposure to air and thus to carbon dioxide. Suppression 
of proton exchange was explored with the immersion of LLZ from the same batch 
in basis solution of LiOH (1 M). 
2.3.2 Quantification of Li+/H+ exchange 
Thermogravimetric analysis (TGA) was performed with TA SDT Q600 under 30 
ml nitrogen flow with a heating rate for 10 °C min-1 from 50-1000 °C to quantify 
the amount of Li+/H+ exchange in water-treated LLZ. The presence of Li+/H+ was 
detected with Fourier transform infrared spectroscopy (FTIR) using Agilent CARY 







2.3.3 Molecular Dynamics Simulation 
Computational geometry optimizations and molecular dynamics simulations were 
performed for 2×2×2 superstructures of the partially protonated LLZ phases 
Li6.5H0.5La3Zr2O12 and Li3H4La3Zr2O12 using our dedicated force field that is based 
on Morse-type interactions derived from our softBV bond valence parameters, 82, 
83 and the software package GULP as implemented in Materials Studio 6.0. The 
initial structure models were generated by randomly replacing the appropriate 
number of Li+ by H+ and equilibrated for 1200 ps at T = 1200 K, the highest 
temperature of the study,  with a time step of 0.6 fs. The volume is relaxed at each 
temperature to achieve a pressure of 0  0.1 GPa. The mean square displacement of 
Li+ and H+ is then derived from NVT simulations with relaxed cell parameters over 
the temperature range 1200 K – 300 K using the end-point of the previous 
simulations as the initial configuration for the next lower temperature. At each 
temperature the production runs of 500 – 12500 ps were preceded by equilibration 
runs of 50 – 200 ps. Details of the force field are published in our earlier work 15.  
2.4 Characterization 
2.4.1 X-ray Diffraction (XRD) 
X-ray diffraction was employed frequently in this work to determine the crystal 
phase and lattice parameters of the bulk powder and pellet samples. The samples 
were characterized by in situ X-ray powder diffractometry (Bruker D8 Advance) 
using Cu-Kα radiation in the 2θ range of 10-100° with a nominal scan rate of 0.75 




Mylar film is employed to protect the sample from air exposure. The sample was 
first mounted on a glass substrate and covered with Mylar film, this setup was 
epoxy-sealed in a glove box (< 0.1 O2 ppm) to ensure airtight encapsulation. XRD 
measurement was performed with Mylar envelope under the same condition and 
the Mylar background was later subtracted from blank Mylar film XRD data. The 
integrated intensity of the Mylar peaks was adjusted to ensure the quality of 
Rietveld refinement was not biased by this subtraction. Rietveld refinement of XRD 
powder patterns was performed with the Generalized Structure Analysis System 
(GSAS), along with the graphical user interface EXPGUI 84. 
2.4.2 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (Zeiss Supra 40 VP) was employed to characterize 
the surface and cross-section morphology of the synthesized LLZ powder, sintered 
pellet and tape-cast thin films. The element distribution in LLZ was characterized 
with energy dispersive X-ray analysis (EDX) equipped in SEM to analyze the 
compositional characteristic of the sample. EDX is able to detect the element of the 
sample based on the principle that each element has a unique atomic structure and 
hence a unique energy difference between different discrete electron states. Relying 
on this principle, when an electron in lower energy state is ejected to an excited 
state or out of the shell, there is a hole left which is then filled by an electron from 
a higher energy state. As a result, an x-ray is emitted and detected by the 
corresponding detector forming a set of characteristic spectrum of each element. 




cannot directly quantify the Li content (or any proton exchange) in the LLZ 
samples. 
2.4.3 Electrochemical Impedance Spectroscopy (EIS) 
Ionic conductivities measurements were determined by electrochemical impedance 
spectroscopy (EIS) using a Solartron SI 1260 impedance analyzer in the frequency 
range from 10 MHz to 1 Hz in a Kiel cell (Ionic systems). LLZ powder was first 
pelletized by cold pressing at a pressure of 5000 kg cm-2 into 10 mm diameter pellet 
and about 1.5 mm thickness (unless mentioned otherwise). Both sides of the 
sintered pellet were gold sputtered to ensure a controlled contact area. The 
configuration of EIS setup is as shown in Figure 2.2. 
 
Figure 2.2: Schematic for ac conductivity measurement sandwiched between two lithium 
electrodes. 
The Nyquist plot was then analyzed using Zview software by fitting the impedance 
profile with a suitable equivalent circuit to determine the bulk resistance (Rb), grain 
boundary resistance (Rgb), constant phase element (CPE) and Warburg response 
(W). Constant phase element (CPE) is an element that frequently use in modelling 




representing slightly distorted or imperfect capacitances. CPE has two parameters, 
Q and n which is governed by Equation 2.1: 
𝑍𝐶𝑃𝐸 = 𝑄
−1(𝑗. 𝜔)−𝑛, 0 < 𝑛 < 1 (2.1) 
where j is the imaginary unit and ω is angular frequency. Q become equal to 
capacitance when n = 1, Warburg impedance when n = 0.5 and resistance when n 
= 0. Warburg impedance describes ion diffusion at low frequencies and is 
characterized as a straight line with a slope of 1 in the Nyquist plot. Warburg 
element can be further divided into (1) Warburg short (Ws) which describes the 
impedance of finite-length diffusion with transmissive boundary, whereas (2) 
Warburg open (Wo) which describes impedance of finite-length diffusion with 
reflective boundary.  







where R represents the resistance, l is the thickness and r are the radius of the pellet 
sample, respectively. Meanwhile, the activation energy, Ea was obtained from the 
conductivity values, σ calculated at different temperatures (e.g. 25-300 °C) via the 















where A is the pre-exponential factor, k is the Boltzmann constant and T is 
temperature in Kelvin. High temperature impedance was performed in Kiel Cell 
with platinum foil as a current collector. The high temperature impedance data were 
only collected after 30 minutes to achieve a stable temperature reading. 
2.4.4 Electrochemical Performance 
Galvanostatic cycling is an important method for the electrochemical evaluation of 
battery materials. A constant current is applied to the cell and the potential is 
monitored as a function of time. The total amount of charge passed per unit mass 







Where I, t and m represent the current (ampere), time (hour) and mass (gram) 
respectively. Galvanostatic charge and discharge behaviors of batteries were 
identified using a potentiostat/galvanostat (Arbin BT2000) under a constant current 
based on the targeted C-rate of the active materials. For 1 C, the battery is estimated 
to be theoretically complete discharge or charge within one hour. Similarly, the 
lower C-rate of C/10 and C/100 will take 10 hours and 100 hours to reach the full 
theoretical discharge/charge respectively. For battery running at a higher 






2.4.5 Cyclic Voltammetry 
Cyclic voltammetry is a very versatile electrochemical technique which allows 
probing the mechanics of redox and transport properties of a system. In cyclic 
voltammetry, the potential of the working electrode is swept at a specific sweep 
rate (V s-1) back and forth linearly between two preset values, and the resulting 
current as a function of time is measured. The current flow into and out of the 
working electrode is plotted as the y-axis and the applied voltage in x-axis to give 
cyclic voltammogram.  
When the potential of the working electrode is more positive than that of redox 
couple present, the corresponding species may be oxidized and produce an anodic 
current. Similarly, on the return scan, the working electrode becomes more negative 
than the reduction potential of a redox couple, hence reduction occurred may cause 
a cathodic current. For a stable reversible redox reaction, the ratio of anodic current 
to cathodic current should be 1. 
Li|LLZ|Li cell was first prepared by first sandwiching lithium metal onto 13 mm 
diameter LLZ sample in a Swagelok to ensure good contact between Li and LLZ. 
Cyclic voltammogram (CV) was performed using potential sweeps with a scanning 







2.4.6 DC Polarization 
The total conductivity is the sum of ionic and electronic contributions in solid 
electrolytes (see equation 2.6). The contribution fraction from the ionic and 
electronics is given by equation (2.7) and (2.8) as below: 

















where tion and telec represent the ionic and electronic transference numbers whereas 
(σion, σelec and σtotal) and (Iion, Ielec and Itotal) are the ionic, electronic and total values 
for conductivity and current, respectively. For a purely ionic conductor tion = 1 and 
for a purely electronic conductor telec = 1 while the mixed conductors have a 
transference values between 0 and 1 for both electronic and ionic transference 
numbers. The ionic contribution may be due to the positive or negative charged ion 
species while the electronic contribution may be due to negative electrons and 
positive holes. 
The dc polarization was performed using Hebb-Wagner techniques 85, 86. The 
conductivity measurement using a blocking electrode is a simple and powerful 
method for measuring both ionic and electronic conductivity. The principle is based 
on either ionic or electronic transport is suppressed in a mixed conductor by the 
proper choice of the electrodes allowing the contribution of the non-suppressed 




The sample to be tested was sandwiched in the configuration as shown in Figure 
2.3. A gold blocking electrode was sputtered on one side of the sample pellet 
surface while lithium foil was attached on the opposite side of the sample pellet as 
a reversible electrode for Li+. The measurement was performed via potentiostat 
(Arbin BT2000) under constant voltage in an argon filled glove-box at room 
temperature. When the circuit is closed, the instantaneous current gives a measure 
of the total conductivity (mixed electronic and ionic contribution). At this point, the 
current value should be high since both ions and electrons are moving through the 
sample. However, the current will drop rapidly and stabilized at a lower value when 
all the ions are polarized to one side of the sample. Therefore, the final steady-state 
current is assumed to be the pure electronic conductivity. 
 
Figure 2.3: Hebb-Wagner type electronic conductivity measurements with one lithium and one Li+ 






3 Synthesis of Garnet Solid Electrolyte 
 Phase formation of Li6.75La2.95Zr1.75Ta0.25Ga0.05O12 
In order to study the phase formation of Li6.75La2.95Zr1.75Ta0.25Ga0.05O12 (LLZTG), 
high temperature X-ray diffraction (HT-XRD) measurements were performed on 
the ball-milled LLZTG precursor mixture consisting of stoichiometric ratio of 
La2O3, Zr2O, Ga2O3, Ta2O5 and Li2CO3 in powder form;  the latter with 10% excess 
to counter the expected lithium losses during the calcination process at 950 °C. The 
LLZTG precursor mixture was heated at 5 °C min-1 from room temperature to 950 
°C. The temperature was held at each preset value for approximately 1 h to perform 
HT-XRD measurement with a nominal scan rate of 0.47 s/step and a step size of 
0.013 in the 2θ range of 0-100°. Throughout this heat treatment, the XRD 





Figure 3.1: XRD patterns of phase formation of Li6.75La2.95Zr1.75Ta0.25Ga0.05O12 from its ball milled 
precursor as a function of temperature under ambient air. The temperature was raised from room 
temperature to 100C and from there in steps of 100C to 900 °C, followed by 950° C and 
subsequent natural cooling to room temperature. Each measurement was taken for 1 h. After 
cooling (C-25), the garnet adopts cubic phase with space group Ia-3d. 
 
 
Figure 3.2: Rietveld refinement of XRD pattern LLZTG precursor sample (C-25) with Rwp = 
7.85% after natural cooling to room temperature demonstrating that a pure garnet sample in space 
group Ia-3d (pink indicator) has formed. Inset displayed the magnification of 24-34° with absence 




Figure 3.1 shows a series of HT-XRD for LLZTG ball-milled precursor heated in 
air from 25 °C to 950 °C. The diffraction peak corresponding to its ball-milled 
precursors as observed at room temperature slowly diminished as the temperature 
increased. A new diffraction peak attributed to cubic garnet phase (Ia-3d) is 
observed at 900 °C which signify the formation of LLZTG. However, a significant 
amount of impurities of La2Zr2O7 is also present. On the other hand, further heat 
treatment to 950 °C promote purer formation of LLZTG as the peak intensity of as-
mentioned garnet phase increase while the impurities of La2Zr2O7 completely 
disappeared. The cubic phase (Ia-3d) of LLZTG remained after natural furnace-
cooling to room temperature with no reversible phase transition to the tetragonal 
phase (I41/acd) and no impurity formed suggesting that heating to 950 °C coupled 
with natural cooling is adequate to retain cubic phase down to room temperature 
(see Figure 3.2). Thus, 950 °C was chosen as the calcination temperature for 
LLZTG.  
The weight fraction of the phases present during the calcination step as estimated 
from Rietveld refinement is shown in Figure 3.3. It should be noted that in contrast 
to the neutron study of undoped LLZ in Adams group’s earlier work 46, the open 
humid environment in this XRD study leads to the additional formation of Li2CO3 
on the sample surface. Hence the estimated room temperature Li content inside the 
sample is scaled down to the weighed-in mass fraction of Li2CO3 and the same 
scaling factor is used for the mass fractions of Li2CO3 at elevated temperatures. For 
the same reason the mass fractions should also be understood as a percentage of the 




varying surface coverage by Li2CO3 did not allow to use absolute scaling factors to 
derive the fraction of amorphous phases in the sample (due to ball milling and 
partial melting). Moreover the small number of electrons of Li did not allow to find 
out which of the intermediate phases hosts the Li after the Li2CO3 is decomposed 
and before the garnet phase is formed. All the coexisting phases are known to be 
able to host, to a varying extent, some Li+ ions. Despite these limitations some 
insight in the formation mechanism could be gained: Aside from the ball milled 
precursors (Li2CO3, La2O3, and ZrO2), the sample also contains a substantial 
amount of intermediate product of La2O2CO3 and La2Zr2O7 at 300 °C. This 
formation of lanthanum dioxycarbonate is triggered by spontaneous reaction of 
La2O3 with moisture and carbon dioxide in air as shown in Equation (3.1). For the 
subsequent temperature at 400 °C, a rise in La2O2CO3 is expected due to the release 
of water from lanthanum hydroxycarbonate leaving more La2O2CO3 as describe in 
Equation (3.2). Further heating to 700 °C causes a decrease in the phase fraction of 
La2O2CO3 due to the removal of CO2, leaving behind La2O3 which further reacts 
with the available phases (predominantly La2Zr2O7) to form LLZTG. 
𝐿𝑎2𝑂3(𝑠) + 𝐻𝟐𝑂(𝑎𝑞) + 𝐶𝑂2(𝑔)  → 𝐿𝑎2(𝑂𝐻)2(𝐶𝑂3)2(𝑠) (3.1) 
𝐿𝑎2(𝑂𝐻)2(𝐶𝑂3)2(𝑠) → 𝐿𝑎2𝑂2𝐶𝑂3(𝑠) + 𝐻𝟐𝑂(𝑎𝑞) + 𝐶𝑂2(𝑔) (3.2) 





Figure 3.3: Weight fractions of the phases in the sample during calcination as determined by 
Rietveld refinement of the HT-XRD LLZTG from Figure 3.1. 
LLZTG is observed at above 700 °C with increasing phase fraction at subsequent 
heating and pure LLZTG phase is formed at 950 °C. The mass fractions of all other 
crystalline phase disappeared at 950 °C suggesting a complete reaction of the 
precursors and intermediate products to form LLZTG. Hence, the formation of 
intermediate products should not be a major factor as they will decompose and the 
precursors will reform at higher temperature just before the LLZ formation sets in.  
Heating beyond 950 °C was not explored here as it is not necessary to achieve a 
complete conversion to LLZTG provided that the reactant particle size is 
adequately small and sufficient time for equilibration of the Li and dopant site 
distribution is allowed. As will be discussed more in detail below, significantly 
higher temperatures also tend to be detrimental to the phase purity as they promote 




On the other hand, sintering the LLZTG to a dense pellet cannot be achieved 
(except in a hot press not available in this project) at 950°C, so that a higher 
temperature annealing step is still required to densify the LLZTG sample, which 
will cause some lithium evaporation. 
 Calcination of smaller sample size of LLZTG 
Formation of garnet-related solid electrolytes is described in details in our previous 
group work 15, 32, 46, 87 where ball milled sample of approximately 16 g of precursors 
powder is used for formation of LLZ at 950 °C for 18 h. However, from the 
previous HT-XRD data (see Section 3.1), formation of a smaller sample size 
LLZTG can be formed in shorter time. The shorter formation duration will certainly 
boost up the productivity and energy efficiency of the synthesis procedure. Hence, 
a series of smaller sample size of LLZTG precursors (ca. 1 g) is used to study the 
duration needed for the formation of pure LLZTG. 
The XRD pattern of all the smaller sample size LLZTG (see Figure 3.4) precursor 
displayed a cubic phase garnet with space group of Ia-3d when calcinated at 950 
°C from 2 to 18 hours. However, all samples possess a minor pyrochlore La2Zr2O7 
peaks at 28° and 33° except for calcination at 2 h. At first glance, 2h calcination 





Figure 3.4: XRD pattern of smaller sample size of 1 g LLZTG precursor calcinated at 950 °C for 
various duration. The inset on the right show magnification from 25° to 35° where the shaded area 
show the peak position of La2Zr2O7 at 28° and 33°, respectively. 
However, upon further investigation via Rietveld refinement (see Figure 3.5), 
revealed that sample which underwent 2 h calcination have a higher than typical 
LLZTG lattice parameter of 13.0037(1) Å 32. The lattice parameter further 
increased to 13.0088(5) Å which was accompanied by the presence of 1.52 wt% 
La2Zr2O12 for sample calcinated for 3 h. For the subsequent calcination time, the 
lattice parameter dropped to the typical LLZTG value of 12.9626 (1) Å for 4 h (with 
2.95 wt% La2Zr2O7) and further decreased to 12.9574(1) Å for 18 h (with 3.80 wt% 
La2Zr2O7) calcination time. The unusual large lattice parameter for the 2h and 3h 
calcination could be explained by unused fraction of the 10% excess lithium 
carbonate (which is normally added to compensate the lithium evaporation at 
temperatures above 800 °C). After the heat treatment any unused amount of the 
excess Li2CO3 will have converted into excess Li2O and on cooling form LiOH that 
promotes a H+/Li+ exchange that can explain the abnormally high lattice parameters 
of the 2 and 3 h heated samples. In this context the smaller particle size / larger 





Figure 3.5: The lattice parameter of smaller sample size LLZTG formation at 950 °C for various 
duration determined via Rietveld refinement of samples with 10% Li2CO3 excess. The blue line 
indicates the mass fraction of pyrochlore La2Zr2O7 as determined via Rietveld refinement. Red 
triangles represent LLZTG calcinated at 950 °C without using excess Li2CO3. 
As a control, LLZTG precursor powder with no excess of Li2CO3 was calcinated at 
950 °C (refer Figure 3.6). As seen in Figure 3.5 (see data point marked by Δ), the 
Rietveld refinement (also shown in Figure 3.6) demonstrates a single cubic phase 
LLZTG with lattice parameter 12.9614(2) Å and only 0.66 wt% of La2Zr2O7 which 
further confirm our hypothesis that for each heating time (be it calcination or 
annealing) the amount of excess Li2CO3 should be optimized. This shows up a way 
for a more energy efficient and faster synthesis, which will however require to add 







Figure 3.6: Rietveld refinement of XRD pattern LLZTG precursor sample (with no excess Li2CO3 
precursor) with Rwp = 7.31% after calcination at 950 °C demonstrating that a pure garnet sample in 
space group Ia-3d (pink indicator) was formed with 0.66 wt% of La2Zr2O7 (blue indicator).  
Apart from the lattice parameter variation, the formation of pyrochlore La2Zr2O7 is 
another vital indicator for the reaction completeness to obtain stoichiometric 
LLZTG. As observed in Figure 3.5, the mass fraction of this pyrochlore compound 
increased for the short calcination time from 2-4 h (i.e. formation of intermediate 
La2Zr2O7) as well as long calcination time with increasing trend from 12-18 h (i.e. 
formation of La2Zr2O7 as a result of Li evaporation). These La2Zr2O7 formation will 
be discussed in detail in Section 3.3. From this work, formation of smaller sample 
size LLZTG can be achieved at calcination time of ~10 h with lattice parameter of 
12.9581(2) Å and only 1.2 wt% of La2Zr2O7. As opposed to 18 h calcination time 
for 16 g precursor powder, the calcination time can be shortened to almost half the 




 Sintering temperature Li6.75La2.95Zr1.75Ta0.25Ga0.05O12 
To achieve higher density pellets, a sintering step at higher temperature turned out 
to be necessary to promote grain growth of garnet sample in line with literature 
findings on garnet-related Li+ conductors, specifically Li7La3Zr2O12. Here, it is 
important to note that although the second heat treatment (sintering step) is crucial 
to achieve a workable density sample, it is of the same importance of not altering 
or decomposing the desired cubic garnet phase (Ia-3d) throughout the sintering 
process. 
To explore the stability range of LLZTG, another series of HT-XRD measurements 
was performed on the pre-calcinated LLZTG during the second heat treatment 
(sintering) step ranging from 25 °C to 1100 °C as shown in Figure 3.7. As observed, 
additional peaks identified as Li2CO3, La2Zr2O7 and La2O3 occur in the 
intermediate temperature range of 200 °C – 700 °C that will be discussed below. 
Nevertheless, the cubic phase (Ia-3d) remained the dominant phase throughout the 
second heat-treatment except for the highest sintering temperature (1100 °C), 
where pure LLZ is known to decompose into pyrochlore La2Zr2O7 phase 
88, 89 
according to Equation (3.4).  
2𝐿𝑖7𝐿𝑎3𝑍𝑟2𝑂12 → 2𝐿𝑎2𝑍𝑟2𝑂7 + 𝐿𝑎2𝑂3 + 7𝐿𝑖2𝑂 (3.4) 
Despite a prominent formation (18.5 wt.%) of La2Zr2O7 when the sample is kept at 
1100 °C in air as in the HT-XRD of Figure 3.8, we find that single phase cubic 
LLZTG is obtained when we  sintering the calcinated LLZTG at 1100 °C; covered 




incorporation of mother powder will minimize the evaporation of Li and act as a 
sacrificial powder to protect the sample from both evaporation and contamination 
(dopants from crucible or CO2 from air).  Covering the sample with mother powder 
is obviously not possible during HT-XRD because only the top surface will be 
probed by the X-rays (which in this case would only the mother powder). Thus, 
1100 °C is chosen as the standard sintering temperature for garnet solid electrolyte. 
 
 
Figure 3.7: HT-XRD patterns (15°-45°) for sintering process of calcinated LLZTG from room 
temperature to 1100 °C. Cubic garnet phase (Ia-3d) denoted by blue circle, Li2CO3 denoted by 






Figure 3.8: Rietveld refinement of HT-XRD pattern of calcinated LLZTG sintered at 1100 °C with 
Rwp = 7.09% showing phase fraction of cubic-LLZ (78.5 wt.%) with pink indicator, La2O3 (3.0 
wt.%) with cyan indicator and La2Zr2O7 (18.5 wt.%) with orange indicator. 
The temperature dependence of the lattice parameters of LLZTG sample heated in 
ambient air and in vacuum is plotted in Figure 3.9. The lattice parameters for the 
sample heated in vacuum (triangle Δ symbol in Figure 3.9) displayed an almost 
linear thermal expansion up to 700 C (while for higher temperatures Li2O 
evaporation leads to a decomposition in vacuum). Under continuous pumping 
(heated in vacuum), Li2O started to evaporate above 700 C which leads to 
decomposition at much lower temperature compare to heating in air. While the 
lattice parameters of the samples in vacuum and in air closely agree at room 
temperature and for T  400 °C, a deviation from the nearly linear thermal 
expansion trend is observed for the sample heated in ambient air (denoted by 
diamonds ◊ in Figure 3.9) for the temperature range from 100 °C to 400 °C. This 
suggests that at the surface of LLZTG heated in (humid) air, reactions take place 




One plausible explanation is that LLZTG reacts with humid air to form LiOH (see 
Equation (3.5), which results in an increase of the lattice parameter due to 
replacement of Li+ by H+ as discussed in detail in Chapter 4: 
𝐿𝑖6.75𝐿𝑎2.95𝑍𝑟1.75𝑇𝑎0.25𝐺𝑎0.05𝑂12 +  𝐻2𝑂




2𝐿𝑖𝑂𝐻 + 𝐶𝑂2 → 𝐿𝑖2𝐶𝑂3 + 𝐻2𝑂 (3.6) 
From 200 °C to 600 °C, diffraction peaks of lithium carbonate (see e.g. peaks at 
21° and 23° in Figure 3.7) imply that CO2 reacted with the by-product LiOH 
leeched out from LLZTG and consequently provoked the formation of Li2CO3. The 
heat treatment will also speed up this spontaneous reaction of LiOH with CO2 in 
air to produce Li2CO3 (see Equation (3.6) heated in ambient air. 
 
Figure 3.9: Lattice parameters of LLZTG garnet phase during sintering as a function of 
temperature; diamond represent XRD performed in ambient air environment whereas triangle 





Once the temperature reached 400 °C, the diffraction peaks of the additional 
impurity phase La2Zr2O7 (seen at 28° and 33° in Figure 3.7) as well as weak signs 
of the formation of La2O3 appeared.  
Therefrom we propose the following intermediate reaction (see Equation (3.7). The 
presence of excess oxygen in the pyrochlore La2Zr2O7 in the below equation has 
been demonstrated by Thomson et al. 90 for similar pyrochlore structure of 
Ce2Zr2O7+x via neutron diffraction.  
2𝐿𝑖6.75−𝑥𝐻𝑥𝐿𝑎2.95𝑍𝑟1.75𝑇𝑎0.25𝐺𝑎0.05𝑂12                                                                        
                          → 2𝐿𝑎1.97𝐺𝑎0.03𝑍𝑟1.75𝑇𝑎0.25𝑂7.125 + 𝐿𝑎1.97𝐺𝑎0.03𝑂3 +




𝐿𝑖2𝑂 + 𝐶𝑂2 → 𝐿𝑖2𝐶𝑂3 (3.8) 
This is in agreement with our TGA data for LLZ (see Figure 3.10), where it was 
found that internally absorbed H+ is released from the garnet structure as H2O above 
340°C. In this temperature range the lattice parameters for LLZTG heated in 
ambient air remained almost constant (13.0311(2) Å to 13.0411(3) Å from 200 °C 
to 500 °C, see Figure 3.9) with increasing intensity of Li2CO3 signifying that the 
Li2O might further react with CO2 from air LLZTG to form more Li2CO3 
(according to Equation (3.8). The nearly constant lattice parameters of the garnet 
phase with respect to the increasing temperature might suggest that instead of the 
partially H-exchanged garnet phase with high lattice parameters, more and more of 
the unmodified LLZTG is exposed again at the sample surface. It may be noted that 
there is an alternative way to explain the observed variation, if one assumes that 




with reduced oxygen and cation occupancy (cf. Equation 4.4a) and lattice 
parameters close to that of the unmodified garnet phase.  
2𝐿𝑖6.75−𝑥𝐻𝑥𝐿𝑎2.95𝑍𝑟1.75𝑇𝑎0.25𝐺𝑎0.05𝑂12   → 
𝟐𝑳𝒊𝟔.𝟕𝟓−𝒙𝑳𝒂𝟐.𝟗𝟓𝒁𝒓𝟏.𝟕𝟓𝑻𝒂𝟎.𝟐𝟓𝑮𝒂𝟎.𝟎𝟓𝑶𝟏𝟐−𝒙
𝟐
+ 𝒙𝑯𝟐𝑶 →                    
                                   2𝐿𝑎1.97𝐺𝑎0.03𝑍𝑟1.75𝑇𝑎0.25𝑂7.125 + 𝐿𝑎1.97𝐺𝑎0.03𝑂3 +
(6.75 − 𝑥)𝐿𝑖2𝑂 + 𝑥𝐻2𝑂 
(4.4a) 
 
If such a stoichiometry deviation is possible, then the formation of the La2Zr2O7 
may rather be seen as a consequence of the reduced stability of the oxygen-deficient 
garnet phase. Such oxygen-deficient phases are known for other garnets and have 
been discussed in the literature as a likely intermediate on the way to phase 
decomposition at too high sintering temperatures 48, 91. 
The intermediately formed La2Zr2O7 impurity peak disappeared on subsequent 
heating to 800 °C. This implies that after the thermal decomposition of Li2CO3, the 
remaining Li2O will react with La2Zr2O7 and La2O3 to re-form the garnet phase (and 
potentially also to remedy any oxygen deficiency in a possible defect garnet phase). 
Only when the temperature reaches 1100 °C the decomposition of the garnet phase 
is evidenced observed by a renewed formation of La2Zr2O7. The dominance of 
La2Zr2O7 phase at 1100 °C is understood to be decomposition product of LLZTG 
due to severe lithium oxide evaporation 92, 93, i.e. the equilibrium of the reaction (cf. 
Equation 4.4b) and further on to decomposition into La2Zr2O7 and La2O3 is shifted 
back to the right-hand side as Li2O becomes volatile. 
2𝐿𝑖6.75𝐿𝑎2.95𝑍𝑟1.75𝑇𝑎0.25𝐺𝑎0.05𝑂12  →                                    







To re-emphasize this, the intermediate formation of La2Zr2O7 at 400-700°C 
temperature should appear only in partially Li+/H+ exchanged garnet phases and is 
associated to the evaporation of H2O, while the high temperature decomposition is 
a consequence of Li2O evaporation that is negligible below 700 °C. It is also worth 
noting that only a small part of the LLZTG underwent the mentioned phase 
separation as the Li+/H+ exchange against air humidity should be low in this case 
due to minimum air exposure. 
The TGA results in Figure 3.10 showed that the CO2 extraction from Li2CO3 starts 
at around 630 °C which harmonizes well with the disappearance of Li2CO3 from 
the HT-XRD at 700 °C. Hence, with the extraction of CO2, Equation (3.8) are 
reversed. For the sake of simplicity, the reversed equations are shown below: 
𝐿𝑖2𝐶𝑂3 → 𝑳𝒊𝟐𝑶 + 𝐶𝑂2 (3.9) 





Therefrom, it may be concluded that prominent La2Zr2O7 formation can not only 
serve as an indicator for ‘over-heated’ LLZTG samples, but it may also point 
towards LLZTG samples that have been ‘under-heated’ in humid air. Another  
possibility brought up by Imanishi group 88, 94 is the formation of low temperature 
CO2-doped LLZ at 200-500°C, which is assumed to possess an identical cubic 
phase (Ia-3d), but in our case the formation of Li2CO3 shows that at least the 





Figure 3.10: Thermogravimetry analysis of pristine garnet LLZ which displayed three weight loss 
steps: (1) Step I assigned to surface water, (2) Step II assigned to release of H+ as H2O from Li+/H+ 
exchange, (3) Step III assigned to evaporation of Li2CO3. 
 
 Morphology of sintered sample 
Sintering at high temperature promotes densification and grain growth, as the grain 
grows and merges with neighboring grains, the voids are filled up. Figure 3.11b 
and Figure 3.11c shows a comparison between the surface of the pellet before and 
after sintering at 1100 °C for 12 h. The micrograph of the sample before sintering 
displayed severe micro-voids between grains, indicating a rather porous structure. 
Meanwhile sign of grain mergence was observed for the sample after sintering, 
indicating a denser structure owing to the reduction in micro-voids. Non-uniform 
and isolated pores were observed within the pellets nevertheless, mostly due to 
incomplete intergranular contact. 
It appears also worth mentioning that before sintering (see Figure 3.11b) the sample 
undergoes an additional milling step at 450 rpm for 2.5 h to break the LLZTG 




distribution is reduced down to 2 µm (as compared to the loose calcinated powder 
with a typical particle size of 5-10 µm) while cracks are also observed for the larger 
particle indicating a sign of particle breakage. As typical ceramic can exhibits grain 
growth of almost twice the original grain size after sintering, introducing smaller 
grain size particles can lead to denser samples 95, 96. Cheng et al. 95 demonstrated 
when sintering a green body consisting of 90:10 weight ratio of larger particle to 
that of the smaller particle of Al-doped LLZ, a relative density of 90% can be 
achieved. 
 
Figure 3.11: SEM images of LLZTG in (a) calcinated loose powder with average grain size of 5 -
10 µm, (b) reground calcinated powder and cold pressed into a pellet, (c) sintered pellet with sign 
of densification, (d) fracture cross-sectional of sintered pellet. 
As observed in Figure 3.12, the addition of small amount of Ga2O3 enhances the 
sinterability of garnet phases. For high Ga2O3 contents (corresponding to 0.5 – 1.0 
Ga per 7 Li)  the formation of LiGaO2 was observed that effectively acted as 




samples 97. The formation of such LiGaO2 is not observed in our XRD data of 
samples with an order of magnitude lower Ga contents, even such minor Ga 
addition is effective in enhancing the density of Ta-Ga co-doped samples compared 
to that of Ga-free Ta doped sample. 
 
Figure 3.12: Sintered pellet of (a) Ta-Ga co-doped LLZ with relative density of ~95% versus (b) 
Ta-doped LLZ with relative density of ~80%, and (c) dry-polished sample using multiple sand 
papers with grits numbers progressing from 240-1200, (d) fracture cross-sectional view of 
polished sintered pellet. 
It is worth mentioning that surface morphology in both sintered pellet of Ta-Ga co-
doped and single Ta-doped displayed an uneven surface morphology. This is not 
surprising since in all of our garnet sintering step, mother powder of the same 
composition is used and was subjected to the same thermal treatment of 1100 °C 
for 12 h. Hence there is possibility that the loose mother powder could adhere to 
the surface of the pellet. Although special care was taken in polishing and removing 




sample after polishing displayed severe scratch marks and debris of the polished 
sample filled up the cleavage available as shown in Figure 3.11(c) and (d). Other 
alternative such as washing the debris with water or other solvent including 
polishing media might further contaminate the sample. Etching with acid is not 
explored as this might provoke more Li+/H+ exchange 57. 
Though for EDX analyzes a smooth sample would be desirable, it was attempted 
to analyze the elemental distribution on the sample surface. As seen from Figure 
3.13, the Ga is found everywhere in the grain, but clearly enriched in some of the 
grain boundaries.   
 
Figure 3.13: SEM image of sintered LLZTG sample at 1100 °C for 12 h and the corresponding 
EDX mapping of La, Zr, Ga, Ta and O. 
The density of LLZTG was determined from the sample geometry and weight 
before and after sintering, while the relative density (ρrel) is the ratio of actual 
experimentally obtained density to the theoretical density. The value of ρrel 
calculated for LLZTG increased from 75% to 96% after sintering, while for LLZTa 




Therefrom, at this point, one can conclude that the Ga co-doping is highly effective 
in promoting sintering by both promoting grain growth and reducing the amount of 
micro-voids. At least under the sintering conditions chosen in this work, Ga is 
enriched at the grain boundaries making it more effective as a sintering agent, but 
less effective as a standalone dopant. 
 Phase formation of doped-Li7La3Zr2O12 
As discussed in the previous section, all the LLZ precursor will undergo a 
calcination step at 950 °C and followed by sintering step at 1100 °C, unless 
indicated specifically. It is worth noting that all syntheses were carried out in 
ambient atmosphere and Al-free crucible (either Pt or ZrO2 crucible) were used to 
prevent any unintentional Al-doping. The XRD pattern of undoped garnet 
Li7La3Zr2O12 (LLZ), tantalum and gallium co-doped garnet, 
Li6.75La2.95Zr1.75Ta0.25Ga0.05O12 (LLZTG) and tantalum-doped garnet, Li7-xLa3Zr2-
xTaxO12 (x = 0.25, 0.4) sintered at 1100 °C for 12 h are as shown in Figure 3.14. 
As can be seen, the undoped LLZ adopts a tetragonal phase with space group 
I41/acd, showing the characteristic peak splitting of the diffraction peaks as 
compared to cubic phase garnet with space group Ia-3d. The splitting between 400 
and 004 was clearly observed in the diffraction data around 27.5° and 28.5°, 
respectively. By using Rietveld refinement, the lattice parameters of the tetragonal 
phase were calculated to be a = 13.1187(2) Å and c = 12.6667(2) Å with a cell ratio 





Figure 3.14: Rietveld refinement of (a) undoped Li7La3Zr2O12 , (b) Li6.75La2.95Zr1.75Ta0.25Ga0.05O12, 
(c) Li6.6La3Zr1.6Ta0.25O12 and (d) Li6.6La3Zr1.6Ta0.4O12 and details from the  respective patterns in 
the 2θ range  27 < 2θ < 29°. Green indicators represent LLZ tetragonal phase (I41/acd) while pink 




Rietveld refinement further confirmed the cubic phase (Ia-3d) of Li7-xLa3Zr2-
xTaxO12 (x = 0.25, 0.4) which will be referred to as LLZ0.25Ta and LLZ0.4Ta, 
respectively, with their resulting lattice parameters of 12.9609(1) Å and 12.9417(2) 
Å. These lattice parameters are consistent with various earlier reports including 
Adams group’s earlier work 15, 32, 45, 101-104. It should be noted that the lattice 
parameter of LLZTa decreased with increasing tantalum content by  TaZr
● doping, 
where the about 12.5% of the larger Zr4+ (0.72 Å) were substituted by Ta5+ with a 
smaller ionic radius (0.64 Å) 105.  
Lastly, for the Ta-Ga-codoped sample (LLZTG) where besides the partial 
replacement of TaZr
●, we assume an homovalent GaLa× substitution (possibly 
besides a GaLi
●● substitution). The corresponding XRD pattern also confirmed the 
formation of cubic phase LLZTG as evidenced by the single 400/004 peak. The 
lattice parameter determined from Rietveld refinement is a = 12.9652(2) Å, i.e. 
0.03% higher than for the corresponding Ga-free LLZ0.25Ta, which in line with 
Adams group’s previous findings 32 demonstrates that some of the Ga is 
incorporated into the lattice. So the disappearance of the 004/400 peak splitting (see 
inset of Figure 3.14) clearly confirms that both the Ta and the Ta-Ga doping lead 
to the (fast-ion conducting) cubic garnet phase.  
Although this explains the effect of Ta-doping on stabilization of the garnet cubic 
phase, there is still no consensus on the minimum amount of Ta-doping required 
excluding those with unintentional doping (e.g. Al3+ from alumina crucible, H+ or 
CO2 from ambient air). Several reports 
45, 101, 104, 106 claimed that a minimum amount 




cubic phase can be synthesized with a lower Ta5+ content of 0.25 mol (which is free 
from other dopant media) by optimising the ball milling procedure. 
 Ionic conductivity 
Impedance spectroscopy measurements were performed for garnet samples from 
room temperature to higher temperature (up to 300 °C). Typical impedance plots 
of various doped LLZ obtained at room temperature and their corresponding fits 
were shown in Figure 3.15. 
 
Figure 3.15: Nyquist plot of various garnet-doped LLZ in air at 25°C using Au electrode. The 
solid line represents fitted data based on respective equivalent circuit. Inset shows an enlarged 
Nyquist plot to magnify the impedance profile corresponding to high frequency response. The 
typical geometric area of the sample is 78.4 mm2 while the thickness of LLZTG (4.6mm), 
LLZ0.25Ta (1.4mm) and LLZ0.4Ta (1.5mm). 
At room temperature, the Nyquist plot can be resolved into high and low frequency 




contributions (which might overlapping each other and could be not obviously 
separated), while the low frequency region consisted of Li+ blocking Au electrode. 
For LLZTG and LLZ0.4Ta sample (refer to blue circle and black circle in Figure 
3.15, respectively), only one semicircle is observed with a tail at low frequency. 
Therefore, the impedance data are fitted to an equivalent circuit model consisted of 
Rb(RgbQgb)Wo, where Rb is the bulk resistance, Rgb is the grain boundary resistance, 
Qgb is the grain boundary constant phase element (CPE) and Wo represent a semi-
infinite Warburg open impedance. The assignment of bulk or grain boundary 
contributions could be determined using equation (3.11): 
𝜔𝑅𝐶 = 1 (3.11) 
Where, ω = 2πf, f is the frequency at the maximum of the semicircle, R is the low-
frequency intercept of the corresponding semicircle and C is the capacitance. It was 
found that the typical capacitance for bulk contribution in this ionic-conducting 
ceramic material is in the order of 10-11 F while the capacitance for grain boundary 
contribution is in the order of 10-8 to 10-9 F 42, 55, 63. The calculated capacitance 
values of various garnet-doped LLZ shown in Table 2 indicated that the first 
semicircle is comparable to bulk contribution while the second semicircle falls into 
the grain boundary contribution range (refer Figure 3.15).  
Table 2: Comparison of bulk (Rb) and grain boundary (Rgb) contributions of various 
garnet-doped LLZ and their calculated capacitance. 
Sample Rb (Ω) Cb (F) Rgb (Ω) Cgb (F) 
LLZTG 951 5.58×10-11 261 1.11×10-8 
LLZ0.25Ta 4395 1.21×10-11 3277 1.21×10-9 





From the fitting, the total Li+ conductivity of LLZTG was calculated to be 5.8 × 10-
4 S cm-1. On the other hand, LLZ0.4Ta possesses a total conductivity of 3.1×10-6 S 
cm-1 due to its higher grain boundary resistance which could due to the lower 
density of LLZ0.4Ta (ρrel ~ 80%) compared to LLZTG (ρrel ~ 90%). Meanwhile, 
the impedance spectrum of the LLZ0.25Ta sample (refer green circle in Figure 
3.15) can be clearly separated into two semicircles where the higher-frequency 
semicircle corresponds to bulk resistance while the lower-frequency semicircle is 
attributed to grain boundary resistance. The resulting total Li+ conductivity of 
LLZ0.25Ta is 2.6×10-5 S cm-1 as determined from fitting to an equivalent circuit of 
(RbQb)(RgbQgb)Wo. 
A series of Nyquist plots as a function of temperature of various doped LLZ were 
as shown in Figure 3.16. The impedance spectra at higher temperature cannot be 
obviously resolved into bulk or grain boundary contributions, hence only the total 
conductivity is included in the Arrhenius plot. The temperature dependence 
measurement of the total Li+ conductivity of various doped-garnet LLZ over a 





 Figure 3.16: Nyquist plot as a function of temperature for LLZTG (top left), LLZ0.25Ta (top 
right), LLZ0.4Ta (bottom left) and Arrhenius plot of total conductivity as a function of 
temperature for various garnet-doped sample (bottom right). The line indicate an Arrhenius fit 
over the temperature range. Inset: magnification of impedance profile at higher temperature. 
Over the examined temperature range, the slope of log (σT) versus 1000/T is 
constant indicating a constant activation energy. The activation energies (Ea) 
estimated from the gradient of log (σT) versus 1000/T were found to be 0.34 eV for 
LLZTG, were followed by 0.38 eV for LLZ0.25Ta with and finally 0.39 eV for 
LLZ0.4Ta. Thus, the difference in activation energy between LLZTG and the single 
doped garnet is statically significant, while the slight variation among the single-




Table 3: The calculated gradient of log (σT) versus 1000/T (Figure 3.16) and their 
corresponding standard deviation and activation energy. 
Sample Gradient Standard deviation of gradient Activation energy (eV) 
LLZTG -1.6975 0.0878 0.3370.017 
LLZ0.25Ta -1.9183 0.1455 0.3810.029 
LLZ0.4Ta -1.9763 0.0772 0.3920.015 
These results are in good agreement with those reported for cubic LLZ in the 
literature (see. e.g. 101, 107). Meanwhile, e.g. Kokal et al.108 and Wang et al. 99  
demonstrated that undoped LLZ (of tetragonal phase) has a total Li+ σ300K in the 
order of ~10-7 S cm-1 with Ea ~ 0.67 eV which suggest that undoped LLZ might not 
be ideal for practical application. Therefore, undoped LLZ is not included in our 
conductivity study. 
 DC Polarization 
The potentiostatic polarization was performed via Hebb-Wagner polarization 
method 85 on LLZTG pellet in order to verify the fraction of conductivity due to 
ions and electrons. The polarization test was carried out at a scan rate of 0.1 mV s-
1 in room temperature inside a glove-box with an argon atmosphere containing less 
than 0.1 ppm oxygen. 
When DC bias is applied, the instantaneous current (It) gives a measure of total 
conductivity (mixed ionic and electronic conductivity) and the final stabilized 
current (Ie) represent the electronic conductivity contribution for a mixed ion 
conductor. Once the cell is polarized, a high mixed ionic and electronic transient 
current is rapidly declining to finally reaching a steady-state electronic current. This 




be delivered under ion blocking gold electrode. After dc polarization (with constant 
voltage of 3.3 V) for about 11 days, the electronic contribution is calculated based 
on the stable current obtained as shown in Figure 3.17.  
 
Figure 3.17: Dc polarization of Li|LLZTG|Au cell using Hebb-Wagner technique after 11 days. 
The stable current density signified the electronic conductivity of LLZTG. Inset shows close up 
after 1000s. 
The (upper limit of the) electronic conductivity from potentiostatic polarization is 
calculated to be 3.96×10-11 S cm-1. The ratio of ionic conductivity to the electronic 
conductivity is thus approximately 6×105, which clearly classifies LLZTG as an 
essentially pure ionic conductor. The ionic transference number (tLi) calculated for 
this sample is  0.999998 (pure Li+ conductor, tLi = 1) while the electronic 
transference number (te) is  1.45×10-6.  
Table 4 shows the calculated mixed conductivity, electronic conductivity and Li+ 
transference number measured in the range of typical battery operating voltage. 
Over the complete studied potential range from 3.0 to 4.3 V for a stabilization 
period of 4 hours, the Li+ transference numbers are already close to 1, this again 




conductivity contributions. It is noted in passing that such a low electronic 
conductivity might lead to sizeable charge transfer impedances for the transfer of 
Li between the electrode and the solid electrolyte.  
Table 4: The calculated, electronic conductivity denoted by σe and Li+ transference 








































It may be noted that the electronic conductivity increases over the consecutive 
polarisation experiments on the same sample with the applied voltage. At any time 
/ any applied voltage the electronic conductivity remains so low that the sample 
remains clearly an ionic conductor. As the upper limits of electronic conductivity 
(that can be derived from the 4h polarisation experiments) are still 2-3 orders of 
magnitude away from the equilibrated value (that would require 10-100 days per 
experiment), it cannot be safely concluded whether the apparent increase in 
electronic conductivity has anything to do with the expected increase in hole 
conductivity (as speculated in ref. 51), if so it would imply that the ionic 
conductivity in the garnet phase is impeded by the lack of electronic conductivity 




 Electrochemical Stability  
One of the key functional properties of solid electrolytes (LLZ in particular) is their 
high electrochemical stability versus Li+/Li. From Figure 3.18, the cyclic 
voltammetry (CV) revealed that the cathodic deposition and anodic dissolution of 
lithium metal occurred reversibly corresponding to the two significant peaks at 
around -0.13 V and 0.13 V respectively. Besides, no other major peaks (side 
reaction) are observed throughout the CV indicating that LLZTG is (at least 
kinetically) stable over voltage range of -1 to 5 V. The CV was able to run for 3 
cycles with increasing voltage range (from -1 V to 1, 3 and 5 V respectively) 
suggesting the successful lithium cycling. 
 
Figure 3.18: Cyclic voltammogram of Li|LLZTG|Li configuration in a Swagelok cell at scanning 
rate of 0.1 mV s-1 with various voltage ranges. 
Despite that, Ohta et al. 33 has successfully demonstrate CV of garnet 
Li6.75La3Zr1.75Nb0.25O12 at scanning rate of 1 mVs
-1 up to 9 V with no other 
reactions. The main difference might be that our cell was pre-subjected to 4 




ramping up to 9 V, the CV performance might deteriorate after higher number of 
cycles and longer period of time (in our case: 112 h). 
Nonetheless, it is at least safe to conclude that the stable electronic current up to 5 
V versus Li+/Li (which fall into nominal battery operating voltage range) indicating 
that LLZTG is stable and has a sufficiently wide electrochemical window against 







4 Tape Casting of LLZ 
The key property of thin film solid electrolyte is to have a high ionic conductivity, 
a negligible electronic conductivity and to be stable in contact with lithium. In this 
regards, LLZ could be a potential candidate as it fulfilled the aforementioned 
property. Therefore, it is of our interest to fabricate a thin film solid electrolyte 
using a relatively low cost technique.  
The term “colloidal” is used to describe particles that possess at least one dimension 
in the size range of 10-3 to 10-6 m 109. A distinguishing feature of all colloidal 
systems is that the contact area between particles and the dispersing medium is 
large. As a result, the inter-particle forces strongly influence the suspension 
behavior.  
The aim of this part of the thesis project was to prepare a stable colloidal ink that 
contains the solid electrolyte. The general strategy to prepare a stable colloidal ink 
is to formulate an ink solvent that is able to suspend the solid electrolyte while not 
chemically reacting with it. This ink solvent will serve as a carrier and retainer of 
the solid electrolyte, so that the solid electrolyte particles are deposited 
homogenously and consistently on the substrate. Here, a mixture solvent consisting 
of deionized water † , absolute ethanol, diethylene glycol, triethanolamine and 
                                                          
† This subproject was started before the extent of Li+/H+ exchange for garnet phases in contact to 




polymeric hyperdispersant are chosen as the ink solvent. This is similar to earlier 
works where colloidal ink of anode Li4Ti5O12 
19, anode SnO2 
110 and cathode 
LiFePO4 
19 was formulated. However, it was later found out by Truong et al. 63 that 
Li-stuffed garnet (i.e. Li5La3Nb2O12) is instable in contact with moisture where 
spontaneous Li+/H+ exchange will occurs. As a result, the chemical stability of 
garnet-type fast ion conductors will be threatened and will be discussed in detail in 
Chapter 5. 
A major part of the ink solvent consists of deionized water which is to provide a 
medium for the suspension of solid electrolyte. Deionized water also acts as a 
‘viscosity activator’ for water soluble carboxymethyl cellulose sodium salt (CMC). 
Absolute ethanol and diethylene glycol help to solubilize the organic components 
(polymeric hyperdispersant and triethanolamine) that are not completely soluble in 
water. Two step solvent evaporation is also made possible with the lower boiling 
point of ethanol compared to that of deionized water. Furthermore CMC is 
insoluble in ethanol, hence the viscosity of the colloidal ink can be tailored 
generally based on the amount of water and CMC only. Diethylene glycol is used 
as a humectant in the ink solvent. A humectant attracts and retain moisture in the 
air nearby via absorption which is an important parameter to allow fluidity printing 
without clogging and to prevent excessive cracking upon drying. Triethanolamine 
is used primarily as an emulsifier and surfactant which lowers the interfacial tension 
between (a) the liquids and (b) between liquid and solid interface; in this case the 
substrate. The addition of polymeric hyperdispersant is to ensure an even 




shown in Figure 4.1. The polymeric hyperdispersant Solsperse 20000 (Lubrizol) 
has two fundamental roles in the ink, it reduces the inter-particle attraction within 
the dispersion and ensures an improved particles dispersion. Thereby a smaller 
average particle size with a narrower particle size distribution can be achieved 
without agglomeration. 
 
Figure 4.1: Steric stabilization with adsorption of a layer of polymeric hyperdispersant on the 
surface of the solid particles. 
Lastly, CMC is added to the ink solvent 19, 109, 110 mainly to act as a thickening agent 
when reacting with water. Firstly, the higher viscosity is useful in keeping the solid 
electrolyte particles in suspension for a longer period of time, hence consistency of 
the printing can be enhanced. Secondly, the increased viscosity promotes structural 
integrity for the printed product by delaying the drying and allow successive 
printing on top of a first printed layer. The rheological properties of the ink solvent  
also constitute an important parameter to be ensure reliable flow through deposition 





4.1 LLZ Colloidal Ink Formulation 
The formulation of the ink has to factor in the intended use and drying procedures. 
Here, a two-step solvent evaporation is intended during the drying process. At the 
first stage ethanol is removed at 70°C and subsequently water is removed at 100°C. 
The viscosity of the deposited ink is gradually increases by solvent evaporation thus 
restricting the ink flow under surface tension to heal any voids or craters 110. Ethanol 
removal at 70 °C increases the viscosity of the deposited ink so as to provide a 
structural integrity to the thin film, while the remaining water allows the particles 
to sink down for void healing under the influence of surface tension 19, 111. 
The rheology of the respective sample plays a crucial part in the flow of colloidal 
ink as well as for building up the thickness and maintaining the structural integrity 
of the thin film. Generally, as the concentration of binder (i.e. in this case 
carboxymethyl cellulose sodium salt (CMC)) increases, the viscosity is increased. 
However, the increase in the amount of CMC used also decreases the lithium ion 
conductivity. Hence, a series of Li6.75La2.95Ga0.05Zr1.75Ta0.25O12 (LLZTG) thin films 
with different concentrations of 0wt.%, 2wt.%, 5wt.% and 10wt.% CMC relative 
to the LLZTG powder content (hereafter refer as CMC0, CMC2, CMC5 and 
CMC10) are examined under SEM to determine the optimum concentration of 





Figure 4.2: Plane view SEM images of LLZTG thin film with different concentration of CMC; (a) 
0wt.%, (b) 2wt.%, (c) 5wt.% and (d) 10wt.% relative to the powder content of LLZTG 
respectively. 
Based on Figure 4.2, CMC5 exhibited the most suitable surface morphology of a 
relatively dense and smooth LLZTG thin film with least particle agglomeration. 
For CMC0, a very thin deposited layer with an uneven surface morphology is 
observed because in the absence of CMC the structural integrity of the dried layer 
is not maintained resulting in only loosely packed powder deposited on top of the 
substrate. Macroscopic defects such as cracks and fractures of limited depth are 
present throughout the LLZTG thin film without binder. In the sample CMC2 the 
low amount of CMC causes agglomeration, as there is not enough binder to cover 
or coat all the solid electrolyte particles in the ink after drying. As a result, the solid 
electrolyte tends to form clusters, causing an uneven surface and microvoids. For 
CMC10, on the other hand, the colloidal ink becomes highly viscous so that the 
ethanol and water evaporation is hindered by restricting the solvent diffusion. 








time) are trapped within the thin film. As a result, microvoid and bubble marks are 
observed as in Figure 4.2d. 
Figure 4.3 displayed cross-sectional views of four 3-layered LLZTG thin films with 
0% CMC (ca. 29 µm), 2% CMC (ca. 48 µm), 5% CMC (ca. 71 µm) and 10% CMC 
(ca. 158 µm).  As mentioned earlier, the LLZTG thin film of “CMC0” is unable to 
grow in thickness due to the lack of a binder which is consistent with cross-sectional 
SEM images in Figure 4.3(a), where only loosely agglomerated LLZ powder is 
observed. Segregation between layers without binder become more obvious due to 
the weak adhesion between the layers. 
  
Figure 4.3: Cross-sectional SEM images of LLZTG thin film with different concentration of 
CMC; (a) 0wt.%, (b) 2wt.%, (c) 5wt.% and (d) 10wt.% relative to the powder content of LLZTG 
respectively. 
The initial viscosity of the colloidal inks is dominated by the viscosity of the solvent 
vehicle (i.e. ethanol) and binder content. As more ethanol is vaporized at 70°C, the 
non-volatile organic binder (CMC) will dominate the rheological behavior of the 








will become a highly viscous slurry which allows the solid particles to slowly sink 
down. Using this mechanism, a dense solid electrolyte thin film can be formed after 
the thin film is completely dried. For CMC2 and CMC5 sample, a dense and 
uniform thickness of thin film LLZTG is observed. Figure 4.3 (a-c) demonstrates 
that the thin film is attached to the aluminium substrate. Interestingly for CMC10 
(see Figure 4.3d), a severe delamination between the thin film and aluminium 
substrate is observed where basically the thin film can be completely detached from 
the aluminium substrate. This might because of the increased viscosity of the ink 
which increased the wetting angle of the colloidal ink. As a result, the colloidal ink 
droplet has a higher surface tension and thus after drying, the thin film tends to be 
separated from the aluminium substrate. By manipulating the viscosity of the 
colloidal ink, single step free standing thin film membranes can thus be obtained. 
Another important parameter associated with the amount of CMC used is the ionic 
conductivity of the thin film. Adding dry organic binder CMC will tend to decrease 
the LLZTG ionic conductivity, ideally the lower CMC content is preferred. 
However, such a trend is not observed from the Nyquist plot show in Figure 4.4. 
This can be explained by the effect of CMC on the morphology of the LLZTG thin 
film. Given the uneven surface of the CMC-free LLZTG, the contact area between 
the current collectors is significantly reduced. Coupled with the microscopic 
defects (e.g. voids, crack and delamination) in the sample, CMC0 exhibits the 
lowest ionic conductivity of 1.7×10-8 S cm-1. Whereas, the ionic conductivity for 
CMC2 and CMC5 LLZTG are 7.0×10-8 S cm-1 and 1.2×10-6 S cm-1, respectively, 




conditions and volume fraction of microscopic defects. Attempt to further increase 
the binder concentration resulting the total conductivity of CMC10 thin film 
dropped to 7.8×10-7 S cm-1 which is attributed to the higher binder content. 
Although the concentration of CMC affects the ionic conductivity, the microscopic 
defects and overall morphology of the sample play a more important role in this 
case (to a minimum extent, the thin film must possess a sufficient structural 
integrity before it appears meaningful to factor in binder concentration effects). 
Attempts to completely remove the CMC by post-annealing at 600 °C is not 
successful and resulting a highly porous and fragile final product. It is understood 
that the tape cast LLZTG must possess certain degree of binder to provide sufficient 
structural integrity of the thin film. 
 
Figure 4.4: Nyquist plot of LLZTG tape cast thin film with different concentrations of 





The total ionic conductivity of LLZTG with CMC5 exhibited the highest ionic 
conductivity. However, the difference in ionic conductivity between CMC5 and 
CMC10 is only minor. By taking into account, the morphology (see Figure 4.2) and 
the removal of CMC in the later process by post-annealing, LLZTG with CMC5 is 
chosen in the present work based on its denser morphology, acceptable total ionic 
conductivity (comparable to lithium phosphorus oxynitride LiPON 16) and it is 
expected to impose less delamination or distortion during post-annealing. 
To examine the effectiveness of the polymeric hyperdispersant, EDX is employed 
to monitor the dispersion of the LLZTG solid electrolyte within the thin film. The 
elementary mapping of La (Lanthanum), Zr (Zirconium), O (Oxygen), Ta 
(Tantalum) and Ga (Gallium) are presented in Figure 4.5. 
 
Figure 4.5: EDX mapping of LLZTG thin film with La (Lanthanum), Zr (Zirconium), O 
(Oxygen), Ta (Tantalum) and Ga (Gallium). 
Elementary mapping via EDX on LLZTG thin film confirmed that each element is 
evenly distributed throughout the surface, indicating the effectiveness of polymeric 




no obvious agglomeration, except maybe for the case of dopant Ga that seems not 
to be perfectly homogeneously distributed within the LLZTG (but the spatial 
resolution of these EDX data is considerably lower than for Figure 3.13 where Ga 
enrichment at grain boundaries was revealed). 
 Characterization of thin film LLZ 
Based on Figure 4.6, the XRD patterns of Li6.75La3Zr1.75Ta0.25O12 (LLZ0.25Ta) 
remain nearly unchanged throughout the thin film formation procedure. The 
branched peaks signify there is a fraction of different phase existed (in this case, 
the fast ion conducting cubic phase and the tetragonal low-conductivity phase) in 
the sample but once they are tape-cast into thin film only the cubic phase survives. 
This phenomenon might be due to ion exchange reactions (e.g. H+ for Li+) during 
the ink preparation process which will be discussed in depth in Chapter 4. A broad 
amorphous hump is visible at 25° to 35° for the thin film samples due to the use of 
CMC as a binder in the colloidal ink. In order to facilitate Rietveld refinement, this 
CMC peak has been subtracted e.g. in the thin film pattern shown in Figures 4.7 
and 4.8. The two prominent peaks seen in the XRD pattern for the thin film at 2θ = 
65.8 and 88.2 are caused by the aluminium foil substrate, which acts as a precursor 





Figure 4.6: Powder XRD pattern for (left) LLZ0.25Ta pellet where the pink indicator represent 
cubic phase (Ia-3d) while the cyan indicator represent tetragonal phase (I41/acd); and (right) 
LLZ0.25Ta thin film, Aluminium peaks are denoted by.  
Rietveld refinement from Figure 4.6 revealed that LLZTa pellet consists of 50.6 
wt% of cubic phase and 49.4 wt% of tetragonal phase. The lattice parameters of 
cubic phase in the pellet LLZ0.25Ta are comparable to those reported cubic phase 
LLZ0.25Ta with a slight deviation of less than 0.1% 15, 32, 45. Interestingly, after 
formation of thin film, the sample becomes single phase cubic and the lattice 
parameter of this cubic “LLZ0.25Ta” phase increased by about 1% (from a = 
12.947(7) Å to a = 13.078(2) Å). This increase in the lattice parameter may be 
associated with Li+/H+ ionic exchange which corresponds to the topotactic 
replacement of ionic O-Li-O bonds by asymmetric hydrogen O-H--O bonds 55. The 
reduced Li+ content reduces the driving force for lithium ordering and hence the 




of LLZTa to space group of I41/acd (tetragonal) to Ia-3d (cubic). This is consistent 
with the findings by Galven et al. 38 for Li7La3Sn2O12 and by Truong et al. 
113 for 
Li5La3Nb2O12 that also found a topotactic structural transition from tetragonal to 
cubic as a consequence of Li+/H+ ion exchange.  
The addition of gallium in the garnet-related LLZTa system was sufficient to fully 
stabilize the cubic garnet phase as shown in Figure 4.7. Gallium-doping of Ta-
doped LLZ leads to a significant improvement in sinterability and total ionic 
conductivity 15, 61, 97. Rietveld refinements demonstrate the preservation of single 
cubic phase LLZTG after the fabrication into LLZTG thin film. However, like for 
the case of LLZ0.25Ta discussed earlier, the resulting cubic lattice parameter a = 
13.049(7) Å for the tape-cast LLZTG is found to significantly deviate from the 
value a = 12.967(6) Å refined for the original LLZTG pellet (which is consistent 
with literature values 32, 97). This again might be due to Li+/H+ ion exchange during 





Figure 4.7: Powder XRD pattern of (a) LLZTG powder and (b) LLZTG thin film; vertical bars 
corresponding to the calculated Bragg reflections for cubic LLZ (pink) and Aluminium (blue). 
Aluminium peaks are denoted by. 
As observed in both LLZTa and LLZTG thin film, the XRD refinement revealed 
an increase of the cell parameter by about 1% for LLZ0.25Ta and 0.6% for LLZTG 
(see Table 5). Galven et al. 62 reported an increment of about 0.8% for cubic LLZ 
(from a = 12.964(1) Å to a = 13.0667(2) Å) when Li7La3Sn2O12 was exposed to 20 
drops of water which harmonized with our findings. The increase in lattice 
parameter thus indicated that Li+/H+ exchange has occurred leading to partially 
protonated phases of Li6.75-xHxLa3Zr1.75Ta0.25O12 (partially protonated LLZ0.25Ta) 
and Li6.75-xHxLa2.95Ga0.05Zr1.75Ta0.25O12 (partially protonated LLZTG). The 
exchanged Li+ is most likely present on the surface as LiOH or reacts with CO2 
from the atmosphere to form Li2CO3. Similar increments in lattice parameter of Li-








numerous literature reports 38, 55, 57, 58, 61-63, 113. Truong et al. 55 successfully 
demonstrated a complete Li+/H+ ion exchange (100% H+ for Li+ exchange) in the 
case of Li5La3Nb2O12 in the presence of the weak organic acid CH3COOH. The 
percentage of Li+/H+ ion exchange reduced as the concentration of dopant Ba 
increased 63. Therefore, it can be concluded that partial Li+/H+ ion exchange has 
occurred in LLZTa and LLZTG but further study is required to determine the exact 
exchange rate and how it can be controlled by modifying the composition of the 
ink will be discussed in Chapter 5. 
Table 5: Summary of result for tested garnet-related powder and thin film. The reported 
value of LLZ is extracted from literature 32, 108. 
Sample Phase Lattice Parameter (Å) σtotal (S cm-1) 
LLZ0.25Ta 32 Cubic a = 12.960(8) 2.0×10-4 
LLZTG 32 Cubic a = 12.966(3) 1.6×10-4 
LLZ 108 Tetragonal 
a = 13.122(3) 




Cubic (50.6%) a = 12.947(7) 
1.1×10-5 
Tetragonal (49.4%) 
a = 13.111(5) 
c = 12.681(6) 
LLZ0.25Ta 
(thin film) 
Cubic  a = 13.078(2) 1.9×10-6 
LLZTG 
(pellet) 
Cubic a = 12.967(6) 9.2×10-5 
LLZTG 
(thin film) 
Cubic a = 13.049(7) 2.2×10-6 
Nyquist plots of the impedance spectra for LLZ0.25Ta and LLZTG thin film are 
shown in Figure 4.8 and Figure 4.9, respectively. As discussed above in section 3.4, 
the high-frequency semicircle is understood to comprise both bulk (Rb) and grain 
boundary (Rgb) contributions, whereas the low-frequency tail represents the 
capacitive behavior of the ionic blocking electrode (Wo). The impedance plots are 
generally fitted to an equivalent circuit model consisting of Rb(RgbQgb)Wo except 




Rb1(Rb2Qb2)(RgbQgb)Wo, where the bulk resistance of the cubic LLZ phase is 
represented by Rb1, the bulk resistance of the tetragonal LLZ phase is represented 
by Rb2 (corresponding to the resistance of the first observable semicircle). The LLZ 
grain boundary resistance is represented by Rgb, which corresponds to the second 
semicircle observed and Wo represent the Warburg-type impedance. The total ionic 
conductivity of LLZ0.25Ta and LLZTG sintered pellet is 2.6×10-5 S cm-1 and 
5.8×10-4 S cm-1. In contrast, the total ionic conductivity of the LLZ0.25Ta and 
LLZTG thin film at room temperature is 1.9×10-6 S cm-1 and 2.2×10-6 S cm-1, 
approximately two orders of magnitude lower than the value for cubic LLZ 15, 32, 45 
but higher than previous literature attempts to form LLZ thin films with a total ionic 
conductivity of 3.4×10-7 S cm-1 at room temperature 65. 
 
Figure 4.8:  Nyquist plot of LLZ0.25Ta thin film (ca. 102µm) and LLZ0.25Ta sintered pellet 







Figure 4.9:  Nyquist plot of LLZTG thin film (ca. 150µm) and LLZTG sintered pellet (4.88mm) at 
room temperature. 
In our case, the discrepancy to the conductivity of bulk samples is mainly due to 
the porous nature and the remaining organic thin film components, namely CMC 
and diethylene glycol. The former acts as a binder whereas the latter as humectants 
to promote bonding between the individual layer and prevent cracks due to rapid 
drying 19, 111. This can be seen from the fact that the refined bulk conductivity values 
(0.9-2.6×10-4 S cm-1) for the LLZTG thin films are consistent with the bulk 
conductivity values for the corresponding pellet samples. This distinguishes the 
approach chosen in this work from preparing thin films by sputtering technique, 
leading to amorphous LLZ films with considerably lower bulk conductivities. 
In the meantime, Galven group 62 claimed that Li+/H+ exchange does not influence 
the ionic conductivity of Li-stuffed garnets. Howard group 61 tentatively suggested 
that the presence of water in humid air is slightly detrimental to the bulk 




to reduce the grain boundary resistivity and overall increases the total conductivity 
at room temperatures. The possible contribution of protons to this ionic 
conductivity remains to be clarified. More details on the influence of proton 
exchange based on experimental and computational work in this project will be 
discussed in chapter 5.  
 Prototype tape-cast ASSLB  
The viability of using the produced LLZTG thin film in an all-solid state Lithium 
battery was tested by assembling a Li-Al|Li6.75La2.95Ga0.05Zr1.75Ta0.25O12|Li4Ti5O12 
cell where a contact-alloy of Li and Al was used as the anode. A composite of 
Li4Ti5O12 (LTO), LLZTG and carbon black was tape cast on top of LLZTG solid 
electrolyte to serve as the cathode. 
Figure 4.10 presents cross-sectional SEM images of the interface between the 
composite cathode and LLZTG solid electrolyte. The thicknesses of cathode and 
solid electrolyte are 110 µm and 76 µm, respectively. No exfoliation or pores were 
observed at the interface, indicating sufficient interfacial contact between the tape 
cast LLZTG electrolyte and LTO composite cathode. 
 
Figure 4.10: Cross-sectional SEM of tape-cast LTO on top of LLZTG (left) and the interface 




Figure 4.11 shows the first discharge cycle of this Li-Al|LLZTG|LTO 
demonstration cell with a current density of 1.5 mA g-1 (ca. 7.7 µA cm-2) at 60°C. 
The discharge capacity of the cell is only about 12.4 mAh g-1 (ca. 63.5 µAh cm-2) 
which is 7.1% of the theoretical capacity of LTO (175 mAh g-1). Further 
enhancement such as a non-aqueous solvent is required to improve the capacity of 
the cell. 
 
Figure 4.11: Discharge curve of Li-Al|Li6.75La2.95Ga0.05Zr1.75Ta0.25O12|Li4Ti5O12  
prototype battery at T= 60°C. 
 
 Compatibility to Non-aqueous Solvent 
One alternative to minimize the Li+/H+ exchange for LLZ sample is by substituting 
the main component of the ink (i.e deionized water) with a non-aqueous solvent. 
Thus, a continuation to substitute water will be deliberated in this section.  
In order to study the stability and compatibility of the garnet cubic in various 


















for colloidal dispersion preparation which include deionized water (H2O) 
110, 112, N, 
N-dimethylformamide (DMF) 114, ethanol 106, 108, 115, N-methyl-2-pyrrolidone 
(NMP) 68, 116, propanol 19, 95, toluene 117, tetraethylene glycol dimethyl ether 
(TEGDME) and ethylene carbonate:dimethyl carbonate of 1:1 volume ratio 
(ECDMC). The chemical structure of the solvents are given in the Appendix 
section. Activated 3A molecular sieve (pre-dried at 200 °C in vacuum for 12 h) was 
placed in these solvents to ensure the dryness of each solvent (except for water 
which acts as control). The immersed samples were sealed and kept inside argon-
filled glovebox (< 0.1 ppm H2O) for a duration of 3 days and then the samples were 
post-dried at 120 °C in vacuum for 24 h. 
Figure 4.12 displayed the XRD patterns of post-dried LLZ0.4Ta after immersion in 
various solvents for 3 days. As observed, the cubic garnet phase of LLZ (Ia-3d) is 
preserved for sample immersed in all solvents for 3 days. However, peak 
broadening is observed in all solvents except for TEGDME and ECDMC. One key 
point to assess the LLZ-solvent compatibility is by justifying the stability of LLZ 
in the solvents. In other words, the LLZ should not react with the solvent to form 
any by-products during the solvent treatment process. Moreover, Li+/H+ exchange 
should also be minimized to ensure the right composition stoichiometry of the 
garnet because Li+ may leeched out of the garnet phase and replaced by H+ during 
solvent treatment. This protonation weakens the bonds in garnet-structure and 
hence lead to an expansion in unit cell. Therefore, Rietveld refinement was carried 
out to perceive the stability of LLZ after various solvent treatment through their 




can assume that for unreactive LLZ-solvent interaction, the change in lattice 
parameters should be minimized. 
 
Figure 4.12: XRD pattern of Li6.6La3Zr1.6Ta0.4O12 (LLZ0.4Ta) immersed in various non-aqueous 
solvents for a duration of 3 days. Black line indicates pristine LLZ0.4Ta while red line indicates 
LLZ0.4Ta immersed in deionized water as a control. 
From Figure 4.13, Rietveld refinement revealed that the lattice parameter for 
LLZ0.4Ta treated with various solvents has a significant increment except for the 
case of TEGDME (0.02% lattice change) and ECDMC (0.1% lattice change). This 
suggest that TEGDME and ECDMC are the most suitable solvent to be used in line 
with LLZ. It also appears worth noting that NMP which has the largest change in 
lattice parameter is used extensively as the main solvent for cathode composite 
slurry along with LLZ. In fact, the moment LLZ was immersed into NMP, a 





Figure 4.13: Lattice parameter variation (blue bar) and their respective percentage change (red 
line) for post-dried LLZ0.4Ta after various solvent treatment. 
Figure 4.14 demonstrate the excellent structural stability of LLZ0.4Ta where cubic 
garnet phase was retained after immersion in TEGDME and ECDMC for 3 days, 
respectively. As discussed above, the choice of solvents were shortlisted to be 
TEGDME (a = 12.9439(2) Å) and ECDMC (a = 12.9556(3) Å) with minor change 
in lattice parameter indicating minimum Li+/H+ exchange. However, it was found 
that in the case of ECDMC, there is minor formation of La2Zr2O7 (3.5 wt%), while 
no other impurity is found for LLZ0.4Ta immersed in TEGDME. The formation of 
La2Zr2O7 may be a sign of minor decomposition (Li loss) in ECDM but the 





Figure 4.14: Rietveld refinement of LLZ0.4Ta immersed in (a) TEGDME (Rwp = 9.56%) and (b) 
ECDMC (Rwp =10.87%) after 3 days. Pink indicator represent garnet cubic phase (Ia-3d) while 
cyan indicator represent La2Zr2O7. 
The conductivity of sample immersed in TEGDME and ECDMC is also measured 
as shown in Figure 4.15. The conductivity value for sample immersed in TEGDME 
is calculated to be 5.3×10-4 S cm-1 which is comparable to the pristine LLZTG (ca. 
5.8×10-4 S cm-1). This implies minimum LLZ-solvent interaction between LLZ-




conductivity of the sample immersed in ECDMC degraded to 2.3×10-4 S cm-1 
which may due to the pyrochlore La2Zr2O7 formation. 
 
Figure 4.15: Nyquist plot of pristine LLZTG pellet (4.6 mm thick) and (a) LLZTG pellet (3.4 mm 
thick) immersed in TEGDME and (b) LLZTG pellet (4.5 mm thick) immersed in ECDMC after 3 







5 Chemical and Structural Stability of Ta-doped Garnet 
In this chapter, the chemical and structural stability of Li6.6La3Zr1.6Ta0.4O12 
(LLZTa) on air humidity as well as immersion in water and aqueous solutions is 
thoroughly studied with controlled access to air. The spontaneous Li+/H+ exchange 
is investigated using X-ray diffraction (XRD), Fourier transform infrared 
spectroscopy (FTIR) and pH test. The percentage of Li+/H+ exchange is then 
assessed from thermogravimetric analysis (TGA) while the ionic conductivity of 
protonated LLZ is investigated. 
5.1 Stability of Li6.6La3Zr1.6Ta0.4O12 in air 
Despite earlier works that claimed LLZ to be chemically stable against moisture 34, 
50, in line with reports for most Li+ ion conducting oxides 59, the stability of LLZ 
against air humidity still possess major concern in term of storage and handling. To 
investigate the stability of LLZTa in air humidity, sintered LLZTa pellets was 
exposed to ambient air for 96 h with XRD measured as a function of time. It appears 
worth mentioning that a relatively high dopant concentration (x=0.4) 45 was used 
and contact with other media than ZrO2 or Pt was avoided to ensure a pure cubic 
LLZTa sample, which should be free from unintentional dopants. At first glance, 
the XRD pattern of LLZTa exposed to 96 h of ambient air is preserved with no 
observable impurities peaks corresponding to Li2CO3 as observed in Figure 5.1. 




LLZTa lattice parameter at a slow rate over period of time. The pristine sintered 
pellet with lattice parameter of 12.9417(2) Å increased to 12.9523(2) Å after 96 h 
of air exposure. Although lattice increment is only 0.08% but this clearly 
demonstrated that LLZTa to some extent is not stable to long exposure in ambient 
(humid) air. 
 
Figure 5.1: XRD pattern of LLZTa pellet of (a) pristine state and (b) after 96 h exposure to 
ambient air. Pink indicator represent the LLZ cubic phase (Ia-3d). 
We assume that to some extent, spontaneous partial Li+/H+ exchange occurred 
when LLZTa pellet exposed to air moisture resulting in the increment in lattice 
parameters. Accordingly, over time the degree of Li+/H+ increased as the 
progressive protonation weakened the bonds in the garnet structure and hence 
promoted further unit cell expansion. The change of the lattice parameters at 25°C 




the nearly 100 hours of the experiment, no equilibration occurred. The absence of 
Li2CO3 (that is expected to form as a by-product of spontaneous Li
+/H+ from the 
initially formed amorphous LiOH and CO2 from the air) throughout the room 
temperature XRD measurement of air exposed LLZTa pellet suggests that the 
amount of Li2CO3 formed should still be insignificant owing to the slow rate of ion 
exchange. 
 
Figure 5.2: Change of room temperature lattice parameter of LLZTa pellet at 25 °C exposed to 
65% relative humidity ambient air as a function of time. 
 
5.2 Stability of Li6.6La3Zr1.6Ta0.4O12 in water 
The stability of LLZTa pellet in ambient air was described in Section 5.1, to further 
accelerate the effect of moisture attack, stability of LLZTa in water was performed 
via immersion in deionized water. The XRD patterns for pristine 
Li6.6La3Zr1.6Ta0.4O12 (LLZ04Ta) pellet and powder samples and the corresponding 
samples after different periods of water-treatment are shown in Figure 5.3a and 




retained throughout the 7 days of water treatment without any formation of 
significant impurities for the pelletized sample and Li2CO3 as the only impurity 
phase for the powder sample. 
 
 
Figure 5.3: XRD pattern of (a) LLZTa pellets and (b) LLZTa powders (The Bragg peak marked by 
▲ represents Li2CO3) with their corresponding pristine sample and samples that have been treated 






5.3 Enlargement in Lattice Parameter 
The Rietveld refinement in confirmed that the cubic garnet structure (Ia-3d) is 
preserved for Ta-doped LLZ even after 7 days of immersion in both deionized water 
and 1M of LiOH, respectively. From the Rietveld refinements of XRD patterns of 
the pristine and immersed powders the lattice parameters were determined to be 
12.9378(3) Å (pristine), 12.9924(7) Å (1 day), 13.0274(7) Å (3 days), 13.0377(6) 
Å (5 days) and 13.0530(8) Å (7 days). The corresponding results for the pellet 
sample were 12.9403(3) Å, 12.9473(3) Å, 12.9493(3) Å, 12.9551(3) Å and 
12.9606(4) Å for the pristine, 1 day, 3 days, 5 days and 7 days water treated LLZTa 
pellets. 
As expected, immersion in water provokes a progressive ion exchange as 
previously evidenced by Liu et al. for Nb-doped LLZ 58. The enlargement in lattice 
parameter is attributed to the replacement of stronger Li-O bonds by weaker 
OH…O bonds 38, 54, 62. The only minor increase in lattice parameter for the 
pelletized sample compared to the powder sample suggests that over the one week 
of immersion only a thin layer close to the surface experiences a considerable 
proton exchange. This implies that the rate-determining step of the ion exchange 
should be the diffusion of the ions inside the solid garnet phase. 
A control series of LLZTa pellets and powders were simultaneously immersed in 
1M LiOH to study the effect of proton concentration in the solution on the Li+/H+ 
exchange. The pronounced retardation of the unit cell expansion shown in Figure 




the Li+/H+ exchange in line with earlier reports on the partial reversibility of the 
exchange in related garnet systems 55, 58, 63. The demonstration of the enhanced 
stability of garnet-related solid electrolyte in LiOH solution is essential for the use 
of LLZTa as anode-protecting membrane in aqueous Li-air batteries with basic 
catholytes. 
 
Figure 5.4: Rietveld refinement of XRD patterns for (a) pristine LLZTa pellet, (b) LLZTa pellet 
immersed in DI water for 7 days, (c) LLZTa pellet immersed in 1M LiOH solution for 7 days. 






Figure 5.5: Variation in lattice parameters of LLZTa pellets (●) and LLZTa powders (■) 
immersed in deionized water; and LLZTa pellets (○) and LLZTa powders (□) in 1M LiOH as a 
function of time. 
 
5.4 Structural stability of tetragonal garnet phase 
The structural and chemical stability of cubic phase Li7La3Zr1.6Ta0.4O12 is discussed 
in the previous section, however the tetragonal garnet phase (the lower Li+ 
conductivity counterpart) is yet unexplored. Taking into account that tetragonal 
garnet phase might exhibit the same Li+/H+ exchange behavior, structural stability 
of undoped Li7La3Zr2O12 (tetragonal phase) is synthesized via the same procedure 
and underwent the same water stability test in deionized water. 
The branched peaks of tetragonal phase in pristine LLZ was observed to merge into 
a single peak over period of water immersion as illustrated in Figure 5.6. The LLZ 
sample after 1 day water immersion revealed that the tetragonal phase (I41/acd) 
seems to have disappeared and recombined to form a new cubic phase (Ia-3d). The 




duration increase. The topotactic structural transition from tetragonal to cubic phase 
in Li-stuffed garnet was described in Galven et al. work when Li7La3Sn2O12 is 
exposed to moisture environment 38, 62. The presence of Li2CO3 in water treated 
LLZ sample further confirmed that Li+/H+ exchange occurred due to spontaneous 
reaction of lithium with carbon dioxide in air (see Equation (5.2)). The excess 
La2O3 which is not stable in air will react with water moisture to form La(OH)3. 
 
Figure 5.6: XRD pattern of LLZ powder (The Bragg peak marked by ∇ represents La2O3 and ▼ 
represents the hydrolyzed counterpart, La(OH)3 while ● represents Li2CO3) with their 
corresponding pristine sample and samples that have been treated for 1 day, 3 days, 7 days and 15 
days. 
At this point, after careful refinement of the XRD pattern, the water treated LLZ 
sample in fact consisted of a mixture of cubic Li7-xHxLa3Zr2O12 and a tetragonal 
phase with a c/a ratio approaching 1. From the Rietveld refinement as shown in 
Figure 5.7, the peaks assigned to tetragonal (I41/acd) thereby become hardly 





Figure 5.7: Rietveld refinement (2θ of 14-50°) of tetragonal Li7La3Zr2O12 after 15 days of water 
immersion with Rwp=0.0579. 
The gradual conversion of the tetragonal LLZ to a cubic phase suggests that a 
partial proton exchange also happens within the tetragonal phase and that the 
reduced Li+ content by the partial ionic exchange decreases the driving force for 
lithium ordering. This corroborates the hypothesis that the tetragonal-to-cubic 
transition is primarily an order-disorder transition driven by the high lithium 
occupancy. The refined lattice parameter a and c of pristine tetragonal (with 
13.1182(2) Å and 12.67135(2) Å respectively) both approach 13.1 Å while the 
protonated LLZ cubic phase increased to 13.0116(11) Å after 15 days of water 
immersion led to an increase in the calculated average unit cell volume of 
(tetragonal and cubic) LLZ (V15days = 2236 Å
3 compare to Vpristine = 2181 Å
3) over 





Figure 5.8: Change in tetragonal and cubic lattice parameters as well as the phase averaged unit 
cell volume of LLZ over 15 days of water immersion of an initially tetragonal LLZ sample. 
 
5.5 Change in pH 
The change in pH value of LLZTa samples as a function of the duration of the 
immersion in deionized water is shown in Figure 5.9. The pH value of the 
immersion solution rises rapidly to the pH range of 11-12 in about 4 minutes for 
the LLZTa pellets and within about 1 minute for LLZTa powders, indicating that a 
basic LiOH solution is formed. The higher rate of formation of LiOH for the powder 
sample should be due to the larger area of LLZTa surface that is in contact with 
water. The increment in pH value is obviously the consequence of the ion exchange 
reaction (see equation (2.2). Over a longer period of exposure in contact with CO2-
containing air the initially formed LiOH solution will be followed by the formation 
of Li2CO3 as a byproduct (equation (5.2), which will prevent further pH rise beyond 




𝐿𝑖6.6𝐿𝑎3𝑍𝑟1.6𝑇𝑎0.4𝑂12(𝑠) + 𝐻2𝑂(𝑎𝑞) →
𝐿𝑖6.6−𝑥𝑯𝒙𝐿𝑎3𝑍𝑟1.6𝑇𝑎0.4𝑂12(𝑠) + 𝒙𝑳𝒊𝑂𝐻(𝑎𝑞)  
(5.1) 
 





Figure 5.9: Change in pH versus log time of LLZTa pellets and powders immersed in deionized 
water (●) and 1M LiOH solution (○) for 1, 3, 5 and 7 days. 
 
5.6 Evidence of Li+/H+ exchange 
FTIR spectra were recorded for the LLZTa pellet samples after immersion in water 
for different periods (shown in Figure 5.10). The peak around 3532 cm-1 observed 
for all water-treated samples signifies the presence of O-H stretch vibrations 118, 
which is attributed to internally bonded O-H bonds. This again qualitatively 
confirms that a Li+/H+ exchange took place to some extent. Moreover, the FTIR 
spectrum showed O-H stretch vibrations for LiOH.H2O and La(OH)3 (both are 
byproducts of LLZTa after water treatment 60) at 3567 and 3609 cm-1,  respectively. 
This further supports the assignment of the peak at 3532 cm-1 to the garnet phase 





Figure 5.10: FTIR spectra of (a) pristine LLZTa pellet sample, (b)-(e) water treated LLZTa pellets 
after 1, 3, 5, and 7 days of immersion, (f) hydrated lithium hydroxide and (g) lanthanum 
hydroxide. 
Meanwhile, a broader (O-H) band around 3400 cm-1 corresponding to stretch 
vibrations of absorbed surface water is not detected for any of the samples verifying 
the effectiveness of dry storage of the samples 58. Finally, peaks at 866, 1440 and 
1500 cm-1 are observed for all samples indicating the presence of Li2CO3 in the 
pristine and water treated samples 55, 60, 63, 119. The absence of 1088 cm-1 peak (C-
O, asymmetric), which would correspond to LiHCO3 for the pristine pellet, further 
validates that the pellet is free from surface water 120. The formation of Li2CO3 in 
the pristine sample is attributed to residual Li2O that reacts with CO2 in air after the 
heat treatment process. Such interaction of LLZTa with air is inevitable as the 
sample is exposed to ambient air during cooling down in the furnace. Additional 
Li2CO3 may be formed for the water treated LLZTa pellet samples according to the 





5.7 Quantification of Li+/H+ exchange 
Thermogravimetry Analysis (TGA) is employed to quantify the percentage of 
Li+/H+ exchange. As displayed in Figure 5.11a for LLZTa pellets and Figure 5.11b 
for LLZTa powders, at least three weight loss steps are identified by minima in the 
weight derivative TGA signal for the pristine LLZTa garnets in harmony with 
literature TGA measurements for Ta-doped 45 or undoped LLZ 121, where the three 
weight loss steps are attributed to the evaporation of absorbed surface water at 
around 250°C (step I), release of H+ as H2O at around 400-450°C (step II) and 
release of CO2 at around 550-700°C (step III).  
The first weight loss is attributed to the elimination of surface water and its intensity 
is variable for different samples, but on average the surface water weight loss is 
approximately 0.1% for sintered pellet and 0.27% for calcinated powder. The small 
amount of adsorbed water also demonstrated the effectiveness of our careful 
handling and minimum exposure towards humidity. From the observation of TG 
curve of the pristine samples, weight loss in step II is almost insignificant compare 
to the water treated samples, suggesting that the water molecules from water 
treatment are not merely adsorbed on the surface but also entered the garnet 





Figure 5.11: TG curves of (a) LLZTa pellets and (b) LLZTa powders series after 1, 3, 5 and 7 days 
of immersion in deionized water. 
Subsequently, the weight losses from step II were analyzed to determine the 
percentage of Li+/H+ exchange in LLZTa samples as shown in Table 6. Although 
the pristine sample has been protected from contact with humid air during storage, 
we observed 0.59% and 1.09% Li+/H+ exchanges in both pristine LLZTa sintered 
pellets and calcinated powder, respectively due to the unavoidable short amount of 
exposure in air after the thermal treatment. Noticeable shift of step II and step III is 
observed for the sintered pellet (step II: 330-450°C, step III: 450-700°C) as 




suggests that some intermediate decomposition reactions are overlapping in the TG 
curve for the calcinated powder. The TG curve of the sintered pellet (refer Fig. 
Figure 5.11a) showed that step III occurred at a much lower temperature range 
suggesting that another carbonate phase contributes to the CO2 release besides 
Li2CO3 occurred. One plausible mechanism involving carbonates is the formation 
of quasi-amorphous hydrocarbonates, La2(OH)2(CO3)2 from hydrolyzed La2O3 
impurities in the garnet as already proposed by Larraz et al. 121 for this temperature 
range. This means La2O3 will react with CO2 from the air and water to form 
La2(OH)2(CO3)2, as shown in equation(5.3, which further undergo a two steps 
decomposition reaction at around 450°C (equation(5.4) and 650°C (equation(5.5) 
respectively. 
𝐿𝑎2𝑂3(𝑠) + 𝐻𝟐𝑂(𝑎𝑞) + 𝐶𝑂2(𝑔)  → 𝐿𝑎2(𝑂𝐻)2(𝐶𝑂3)2(𝑠) (5.3) 
𝐿𝑎2(𝑂𝐻)2(𝐶𝑂3)2(𝑠) → 𝐿𝑎2𝑂2𝐶𝑂3(𝑠) + 𝐻𝟐𝑂(𝑎𝑞) + 𝐶𝑂2(𝑔) (5.4) 
𝐿𝑎2𝑂2𝐶𝑂3(𝑠) → 𝐿𝑎2𝑂3(𝑠) + 𝐶𝑂2 (𝑔) (5.5) 
The product of reaction(5.4, La2O2CO3, has also been identified in Adams group’s 
recent neutron in situ study 46 as an intermediate species in the formation of LLZ. 
The decomposition of lanthanum hydroxycarbonate hence appears as a plausible 
source of CO2 for the sintered pellet despite the absence of Li2CO3 peaks from XRD 
and hardly any weight loss in the temperature range where Li2CO3 would 
decompose. In contrast the higher temperature range of step III for the calcinated 
powder harmonizes with the more pronounced proton exchange and the more 





Table 6: Percentage of Li+/H+ exchange assessed from TGA for LLZTa pellets. 
Sample % Weight Loss (Step II) Lithium loss % Exchange Formula 
PEL_0D 0.0265 0.04 0.59 Li6.56H0.04La3Zr2O12Ta0.4 
PEL_1D 0.2424 0.36 5.40 Li6.24H0.36La3Zr2O12Ta0.4 
PEL_3D 0.3453 0.51 7.69 Li6.09H0.51La3Zr2O12Ta0.4 
PEL_5D 0.3715 0.55 8.27 Li6.05H0.55La3Zr2O12Ta0.4 
PEL_7D 0.3947 0.58 8.79 Li6.02H0.58La3Zr2O12Ta0.4 
POW_0D 0.0491 0.07 1.09 Li6.53H0.07La3Zr2O12Ta0.4 
POW_1D 1.9842 2.92 44.17 Li3.68H2.92La3Zr2O12Ta0.4 
POW_3D 2.1171 3.11 47.13 Li3.49H3.11La3Zr2O12Ta0.4 
POW_5D 2.1533 3.16 47.93 Li3.44H3.16La3Zr2O12Ta0.4 
POW_7D 2.3965 3.52 53.35 Li3.08H3.52La3Zr2O12Ta0.4 
The sintered pellet of LLZTa displayed 5.4%, 7.7%, 8.3% and 8.8% of Li+/H+ 
exchange in the water immersed sample of 1, 3, 5 and 7 days respectively. A 
protonated product of Li6.02H0.58La3Zr1.6Ta0.4O12 formed after 7 days of immersion 
of the LLZTa pellets in water. In order to extract Li+/H+ exchange of the water 
treated LLZTa powder, we assume that the same decomposition reaction of 
La(OH)2(CO2)2 occurs also for the immersed powder samples but the resulting step 
overlaps with the more prominent steps from the formation of water (from 
exchanged protons) and CO2 (from the released LiOH that reacted to Li2CO3) 
yielding the more complex TG curves seen in Figure 5.11b.  
In order to extract the amount of proton exchange in the of immersed LLZTa 
powder we use corrected TG curves where we subtract the weight change step 
around 550 C from the corresponding pellet sample. This is of course only a rough 
estimate as we do not know whether the extent of this reaction will be comparable 




this step. We were also encouraged to apply the correction by the finding that in the 
“corrected” TG curves the H2O formation steps and Li2CO3 decomposition steps 
appeared to be separated by a short temperature interval with constant sample 
weight.   
Based on the procedure discussed above we found that the LLZTa powder showed 
44.2%, 47.1%, 47.9% and 53.4% of Li+/H+ exchange when immersed in water for 
1, 3, 5 and 7 days, respectively. The composition of the protonated garnets reached 
Li3.08H3.62La3Zr2O12Ta0.4 after 7 days of immersion of the LLZTa powder in water. 
It may be noted that in the garnet prototype structure, only 3 Li should be present 
(on the tetrahedrally coordinated sites), so that the quick exchange of the extra 
lithium ions on octahedral sites can be tentatively ascribed to their higher site 
energy. This should not be confused with a separate mobility of Li+ on octahedral 
and tetrahedral sites as it is well established that the transport of Li occurs along 
pathways alternating between octahedral and tetrahedral sites (see e.g. 15). It just 
means that that the tetrahedral sites are the lower energy sites and when the number 
of Li is reduced by the proton exchange, the remaining Li will redistribute to the 
more stable sites, which both slows down further proton exchange and ionic 
mobility.  
In contrast, the sintered pellet has considerably higher resistance to water 













that will of course depend on the density 




between a surface value that is probably close to the one found for the powder 
samples and an essentially unmodified core. Assuming for simplicity a linear 
composition gradient and a 100% dense pellet it would mean that the partially 
proton-exchanged region extends about 0.25 mm into the pellet after one week of 
immersion.  
5.8 Reduction of Li+/H+ exchange in LiOH solution 
Structural stability of LLZTa samples were further confirmed in LiOH solution to 
demonstrate the retardation effect of Li+/H+ exchange in LLZTa samples. The 
retardation of Li+/H+ exchange reaction in LLZTa rely heavily on the starting 
lithium concentration of LLZTa sample, concentration of LiOH solution and the 
reaction temperature. For the sake of simplicity and comparison, reduction of 
Li+/H+ experiment were designed using the same batch of LLZTa sample in 1M 
LiOH at room temperature condition. However, due to the difficulty of removing 
residual LiOH (cf. Figure 5.4) from samples immersed in 1M LiOH without 
exposing it to solvents that could promote further ion exchange, the amount of 
Li+/H+ exchange for LiOH treated samples could not be quantified accurately from 
TGA. Additionally, water evaporated on the decomposition of LiOH around 400°C 
(equation (5.6)),  
2𝐿𝑖𝑂𝐻(𝑠) → 𝐿𝑖2𝑂(𝑠) + 𝐻2𝑂 (𝑎𝑞) (5.6) 
which also coincidentally falls into the temperature interval of TGA step II region 




estimate of Li+/H+ exchange for the samples treated in 1M LiOH was done based 
on their change in lattice parameter. Results are summarized in Table 7.  
Table 7: Comparison of Li+/H+ exchange for pelletized and powdered LLZTa samples 
immersed in 1M LiOH (estimated from the change in lattice parameter, a) and in water 
with fixed mass ratio (1:20) of LLZTa to solvent. 
Sample 
In H2O In 1M LiOH 
a (Å) 
Remaining Li+ per 
formula unit 
a (Å)  
Remaining Li+ per 
formula unit 
PEL_0D 12.9403(3) 6.56 12.9403(3) 6.56 
PEL_1D 12.9473(3) 6.24 12.9435(3) 6.33 
PEL_3D 12.9493(3) 6.09 12.9450(4) 6.26 
PEL_5D 12.9551(3) 6.05 12.9488(4) 6.12 
PEL_7D 12.9606(4) 6.02 12.9525(4) 6.03 
POW_0D 12.9378(3) 6.53 12.9378(3) 6.53 
POW_1D 12.9924(7) 3.68 12.9418(3) 6.04 
POW_3D 13.0273(7) 3.49 12.9460(3) 5.64 
POW_5D 13.0377(6) 3.44 12.9471(3) 5.54 
POW_7D 13.0530(8) 3.08 12.9492(3) 5.36 
For the powder samples, it can be seen from the data in Table 7 that the Li+/H+ 
exchange in LLZTa is both retarded and appears to lead to an equilibrated phase 
with a higher remaining Li+ content. To quantify this effect, we fitted the time 
evolutions of the retained Li+ content x(t) with immersion time t  by a Langmuir-
type formula. 
𝑥(𝑡) =  𝑥(0) −  
(𝑥(0) − 𝑥(∞)) ∙ 𝑘 ∙ 𝑡
1 + 𝑘 ∙ 𝑡
 (5.7) 
where k characterizes the rate constant of the Li+/H+ exchange reaction. The results 
of a least squares fit of the parameters x() and k for the powder immersion 
experiments shown in Figure 5.12 leads to a limiting value x()  3.0 for immersion 




difference in the k values for both cases suggests that the proton exchange is about 
7 times slower in 1M LiOH. Therefore, based on the previous mentioned structural 
stability of LLZTa in LiOH (see Figure 5.4c and Figure 5.9) with a pronounced 
slowing down and reduction of the extent of Li+/H+ exchange in LiOH, LLZTa may 
be useful as a SE in basic catholytes. Similarly a formal application of the same 
procedure to model the change in lattice parameters of the LiOH treated pellets 
(data in Table 7) suggests a retardation of the proton exchange by a factor of about 
3, but the interrelation of reaction and diffusion rates of the different mobile species 
in these inhomogeneously exchanged pellet samples would require a more complex 
treatment with additional unknowns and does not appear to be feasible based on 
our limited data. 
 
Figure 5.12: Comparison of Li+ retained in powdered LLZTa samples after immersion in water 
(triangles) or 1M LiOH (squares). The continuous lines are least squares fits to the data shown in 







5.9 Conductivity of proton-exchanged LLZ 
It is worth noting that the immersed LLZTa pellets and powders were not subjected 
to any post-thermal process as heating the immersed samples involves a risk of 
decomposition and altering the ionic conductivity of the sample. The low ionic 
conductivity of the ‘pristine’ LLZTa pellet (3×10-6 S/cm at room temperature) 
might be attributed to its low relative density of 80.3% and high Ta5+ doping. Figure 
5.13a shows the Arrhenius plot for LLZTa pellets for different duration of water 
treatment. The activation energy for electrical conduction was obtained by fitting 






𝑘𝑇  (5.8) 
As mentioned above the observed conductivity values will be dominated by the 
outer proton exchanged shell of the pellet with the lower conductivity so that the 
absolute conductivity values for the pellets are of limited relevance. The activation 
energies for pristine, 1, 3, 5 and 7 days water treated LLZTa pellet were calculated 
to be 0.34 eV, 0.39 eV, 0.62 eV, 0.64 eV and 0.70 eV respectively. So in essence 
after immersion for 3 days the observed activation energy switches from values 
characteristic of the Li-disordered garnet phases to typical values of Li-ordered 
garnet phases.  
For the LLZTa powder sample series shown in Figure 5.13b the conductivity seems 
to be more affected by irreversible changes at elevated temperatures as seen by the 




up to 200 C is considered for estimating the activation energy calculation. Note 
that for consistency all samples including the pristine sample are cold-pressed only, 
limiting the achievable density and conductivity. Still qualitatively the same trend 
of an increase in activation energy with immersion time is seen also for the powder 
data: Activation energies for the low temperature range of LLZTa powder series 
were calculated to be 0.60 eV, 0.65 eV, 0.68 eV, 0.80 eV and 0.78 eV.  
 
Figure 5.13: Arrhenius plots of total conductivity of (a) LLZTa pellets and (a) LLZTa powders 





5.10 Molecular Dynamic Simulations 
Since the experimental studies confirmed the presence of protons in the garnet 
structure as a consequence of Li+/H+ exchange, the overall ionic conductivity 
contains contributions from both Li+ and H+ migration. To gain deeper insight into 
their relative contributions we conducted NVT MD simulations of LLZ garnet 
phases for two different hydrogen contents Li6.5H0.5La3Zr2O12 (representing a 
degree of proton of exchange that is just sufficient to stabilize the fast-ion 
conducting cubic phase in the absence of other dopants and should be achievable 
by immersion in more concentrated bases) and Li3H4La3Zr2O12 (corresponding to 
the equilibrated degree of proton exchange on immersion in water). Li+ and H+ 
conductivity values derived from the MD simulations assuming validity of the 
Nernst-Einstein relationship are shown in Figure 5.14 for both compositions. For 
the case of the minor proton exchange in the phase Li6.5H0.5La3Zr2O12 (see Figure 
5.14a) the lithium mobility seems hardly affected when compared to ‘cubic 
undoped LLZ’ (that in the computer simulations can be produced by quenching the 
cubic LLZ phase). Thus for Li6.5H0.5La3Zr2O12 Li
+ ionic conductivity with an 
activation energy of 0.32 eV still clearly dominates over the proton mobility (which 
has almost the same activation energy 0.32 eV, but only about 3% contribution to 
the total ionic conductivity) and the observed conductivity is higher than for the 





Figure 5.14: Arrhenius plots of Li+ and H+ ionic conductivity derived from the mean square 
displacements of the respective mobile species in MD simulations of the partially protonated LLZ 
phases (a) Li6.5H0.5La3Zr2O12 and (b) Li3H4La3Zr2O12 assuming validity of the Nernst-Einstein 
relationship. 
The simulations for the composition Li3H4La3Zr2O12 (see Figure 5.14b) 
approximately corresponding to the degree of proton exchange in the equilibrated 
powder samples after immersion in water however clarify that under these 
conditions the garnet phase turns into a mixed H+ and Li+ conductor at the highest 
studied temperatures (Li+ contribution 37% at 1200 K) and essentially a proton 




contribution of Li+ to the overall ionic conductivity drops to ≈ 3% at 500 K. The 
activation energy for the migration of the majority charge carriers Li+ (about 0.85 
eV over the temperature range 450 K – 800 K) that in our simulation predominantly 
reside on the tetrahedral sites is considerably higher than the activation energy for 
the migration of the majority charge carriers H+, which may be tentatively 
interpreted as a mixed mobile ion effect 122, 123. At lower temperatures the ionic 
conductivities of Li+ and H+ become hardly quantifiable from our simulations due 







6 All-solid-state Batteries with Garnet Electrolyte 
Despite the promising potential of garnet-type lithium ion conductors LLZ which 
possess the valued combination of high Li+ conductivity and chemical stability 
against elemental lithium, there is only a handful of reported all-solid-state batteries 
(ASSLBs) using LLZ as the solid electrolyte. In such all-solid-state batteries, LLZ 
can play a dual role of a being both the electrolyte and the separator, i.e. a 
mechanical barrier against lithium dendrite growth. Therefore, thin and dense LLZ 
electrolyte with an almost uniform surface is highly sought after for all-solid-state 
batteries. 
6.1 Assembly of ASSLB 
Li4Ti5O12 (LTO) and LiFePO4 (LFP), which are among the most commonly used 
active materials for all-solid-state batteries, 19, 68, 110 were chosen to validate the 
potential of garnet-type LLZTG as solid electrolyte in ASSLB. These active 
materials also exhibits no structural change and minimal volumetric expansion 
(ɛLTO ~ 0% 110, 124 and ɛLFP ~ 2.2% 125, 126) during galvanostatic cycling, thereby 
jettisoning the requirements to accommodate strain in the electrodes during charge-
discharge. The smaller particle size of both LTO (c.a. 114 nm) and LFP (c.a. 220 
nm) are also beneficial to minimize nozzle clogging if proliferate to extrusion type 




Table 8: The average particle distribution of Li4Ti5O12 (LTO) and carbon coated LiFePO4 (C-LFP) 
measured from SEM micrographs (Figure 6.1) 
Sample LTO (nm) C-LFP (nm) 
Mean 113.92 137.16 
Standard deviation 27.70 58.73 
Min 64.75 50.25 
Max 190.63 220.38 
 
 
Figure 6.1: SEM images of pristine nanoparticle (a) Li4Ti5O12 with average particle size of 114 nm 
and (b) carbon coated LiFePO4 with particle size up to 220 nm. 
Concentrated slurries of Li4Ti5O12 (or LiFePO4) were prepared by first ball milling 
LTO (or LFP) nanoparticles with bis(trifluoromethane)sulfonimide lithium salt 
(LiTFSI) and carbon black (CB) to promote ionic and electronic of the composite 
electrode respectively. In order to permit both ionic and electronic transport not 
only at the two-dimensional electrode|electrolyte interface but also within the 
electrode material itself, the electrode should consists of a mixed (electronic and 
ionic) conductors. Hence, the weight ratio between LTO (or LFP), LiTFSI and CB 
is fixed arbitrarily at 6:4:1 (55%:36%:9%). The ball-milled composite electrode 
(400 rpm for 5 h) were then dissolved in a solvent mixture consisting of 
tetraethylene glycol dimethyl ether (TEGDME) and polyvinyl butyral resin (Butvar 




inside argon-filled glove box beforehand. The composite electrode slurry was left 
to stir for another 12 h to obtain a homogenous viscous slurry. 
All-solid-state lithium battery was assembled by utilizing garnet-type LLZTG as 
solid electrolyte. A mixture of Li4Ti5O12 (or LiFePO4) composite slurry was coated 
on one side of LLZTG membrane followed by drying at 80 °C for 24 h in an Ar-
filled atmosphere to evaporate the solvent in the slurry. Lithium anode was attached 
onto the opposite side of LLZTG membrane. Finally, the ASSLB was assembled 
in a Swagelok cell where two stainless steel rods were pressed on both sides of the 
ASSLB as current collectors and to ensure sufficient contact between the stacked 
layers. 
6.2 Lithium-LLZTG interface study 
As the interface controls the performance of all-solid-state lithium batteries, it is of 
utmost importance to monitor the interface evolution when LLZTG is in contact 
with lithium. In order to study this phenomenon, electrochemical impedance 
spectroscopy is implemented for symmetric Li|LLZTG|Li cells. For this study, 
lithium foil is pressed directly onto both sides of a LLZTG pellet in a Swagelok cell 
and the impedance is measured both under ambient air and inert atmosphere (argon 
environment). 
A Nyquist plot for Li|LLZTG|Li cell measured at room temperature in ambient air 
over 312 hours is shown in Figure 6.2. The resistance component at around 1 MHz 
can be well resolved as Rb, the bulk resistance of LLZTG, whereas the semicircle 




as well as the interfacial resistance between LLZTG and Lithium (RLLZTG/Li). 
However, by using such approach we could not determine precisely the 
contribution from Rgb and RLLZTG/Li since the impedance spectra from 1 MHz – 500 
Hz are overlapping each other and could not be well distinguished. Therefore, the 
total interface resistance which is the sum of Rgb and RLLZTG/Li is determined instead. 
 
Figure 6.2: Room temperature Nyquist plot (1 MHz to 500 Hz) for a Li|LLZTG|Li cell as a 
function of time measured in ambient air.  Here, Rb is the bulk resistance and Rgb+RLLZTG/Li is the 
grain boundary and Li-LLZTG interface resistance. The trend in the time evolution of the 
observed semicircles is indicated by an arrow. The inset shows a close up for the later 
measurements. 
Figure 6.3 shows the conductivity variation from each element (bulk and interface) 
towards the total conductivity over time. As observed, the total conductivity is 
dominated by the interface contribution whereas the bulk contribution remains 




of measurement for bulk contribution might signify that the soft Lithium spreads 
under the mechanical load and mitigates initial contact issues in the Swagelok cell. 
 
Figure 6.3: Contribution of bulk conductivity and interface conductivity toward the total 
conductivity of Li|LLZTG|Li measured at room temperature in ambient air as a function of time. 
The apparent initial total conductivity of Li|LLZTG|Li is 4.4×10-5 S cm-1 which is 
about one order magnitude lower than that of Au|LLZTG|Au could be due to the 
improved contact with gold sputtering compared to that of Lithium foil. Over the 
first day of the experiment the total conductivity of the Li|LLZTG|Li cell increased 
up to about 2×10-4 S cm-1 and remained there with minor fluctuations for the 
remaining nearly 2 weeks of the experiment. This stable conductivity is expected 
as garnet LLZ is reported (and demonstrated in this work in section 3.6 by CV) to 
be stable in contact with lithium metal 15, 32, 34, 46, 64. The improvement in contact 
between lithium metal and LLZ over time reduces the interfacial resistance as 





Interestingly, a drop in apparent total conductivity at 112 h mark from 2×10-4 S cm-
1 to 1.64×10-4 S cm-1 signifying some side reaction or some sudden change in 
contact area occurred (see Figure 6.2 and Figure 6.3). Upon disassembling the cell 
in glove box, the lithium metal which was in contact with LLZTG exhibits a dull 
silvery grey surface and then a black tarnish rings followed by silver-white lithium 
foil (see Figure 6.4). Pristine lithium metal exists in shiny silvery surface but when 
react with moist air, the main product is a dull greyish oxide. Thus, this implies that 
oxygen and moisture from ambient air can seep into the Swagelok cell over time 
and react with the lithium foil to form non-conductive Li2O or LiOH. Nevertheless, 
only the interface conductivity is greatly affect while the bulk conductivity is barely 
affected by this side reaction supporting our assignment of the higher frequency 
element to the bulk contribution alone. 
 
Figure 6.4: Photo of the surface of Lithium foil and LLZTG pellet upon disassembly in Ar-filled 
glovebox. The red circle represents the area of contact of LLZTG with Lithium foil. 
To eliminate the effect of moisture from humid air, a series of the same experiment 
is conducted inside an Argon-filled glove box. Figure 6.5 shows the room 
temperature Nyquist plot for Li|LLZTG|Li cell measured inside glove box. As 




interfacial resistance due to the enhancement in contact between lithium foil and 
LLZTG. 
 
Figure 6.5: Room temperature Nyquist plot (1 MHz to 100 Hz) for Li|LLZTG|Li cell as a function 
of time measured in inert atmosphere (Ar-filled glove box) where Rb is the bulk resistance and 
Rgb+RLLZTG/Li is the grain boundary and Li-LLZTG interface resistance. Arrow showing the 
evolution trend of semicircles over time and inset show close up for the later measurements. 
Overall, the total conductivity of LLZTG in contact with lithium metal increase 
over time. The initial total conductivity is 4.2×10-5 S cm-1 which is comparable to 
the one for the previous cell tested in ambient air. There is no major drop in total 
conductivity as shown in the previous case. While the interfacial conductivity 
continuously increases, the bulk conductivity remains nearly constant for the first 
200 hours, and both the bulk and the total conductivity started to increase 
significantly thereafter (refer inset in Figure 6.5) resulting in a total conductivity of 





Figure 6.6: Contribution of bulk conductivity and interface conductivity toward the total 
conductivity of Li|LLZTG|Li measured at room temperature in ambient air as a function of time. 
One plausible explanation to the rapid increase of Li+ conductivity after 200 hours 
could be due to the progressively increase surface area of lithium-solid electrolyte 
interface. The ionic conductivity is calculated based on the contact area of 
Li|LLZTG pellet interface, however the initial surface area might be “smaller” than 
what we take into calculation and over time, the contact surface area increase as a 
result of enhancement in Li|LLZTG interface. The final conductivity of 
Li|LLZTG|Li cell at 480 hours which is comparable to that with LLZTG with Au 
sputtering (ca. 5.8×10-4 S cm-1) and thus further confirm our hypothesis. 
Although LLZTG is reported to be stable in contact with lithium metal, all-solid-
state lithium battery is still problematic if there is insufficiently air-tight sealing as 
lithium is known to be thermodynamically unstable in ambient air. Such problem 




6.3 Effect of ball milling on composite cathode performance 
One of the key points for a successful assembly of all-solid-state batteries lies in 
the performance of the composite cathode materials. Ball milling could effectively 
reduce the particle size of the composite cathodes and enhance the mixing of active 
materials (e.g. Li4Ti5O12 as anode material or LiFePO4 as cathode material), LiTFSI 
and carbon black, but such treatment could also be time consuming, highly 
equipment dependent and might induce more amorphous phase after ball milling. 
Hence, the effects of ball milling on the performance of composite cathode were 
investigated, whereby the composite cathode was pre-subjected to agate ball 
milling for 5 h at 400 rpm and hand grinding in agate mortar respectively before 
proceeding to slurry formation. 
6.3.1 Li4Ti5O12 composite materials 
The galvanostatic charge-discharge profile of mortar ground and ball milled 
Li4Ti5O12 (LTO) anode composite (‘cathode’ in LTO|LLZTG|Li all solid state cell) 
are displayed in Figure 6.7a. The cell with mortar grinding had an initial discharge 
capacity of 63 mAh g-1 and charge capacity of just 5 mAh g-1 (correspond to 36% 
and 3% of theoretical LTO capacity respectively), whereas the ball milled 
counterpart demonstrated a much superior initial discharge capacity of 140 mAh g-
1 and charge capacity of 101 mAh g-1 (correspond to 80% and 57% of the theoretical 
LTO capacity, respectively). It appears worth noting that the flat plateau is more 





Figure 6.7: (a) Charge-discharge profile and (b) Discharge capacity of the first 5 cycles of all-
solid-state LTO|LLZTG|Li cell with composite anode of mortar ground and ball milled LTO, 
measured at 60°C with 0.01C. 
The superior initial capacities in the ball milled counterpart could be ascribed to the 
reduction in particle size and enhanced homogeneity which improved the contact 
among the components in the LTO composite (e.g LTO, LiTFSi and carbon black), 
allowing for higher practical capacity. The superior uniformity after ball milling 
becomes more prominent especially in slurry making and tape casting a relatively 





Figure 6.7b compare the discharge capacity over the first 5 cycles for 
LTO|LLZTG|Li cell with composite cathode of mortar grinded and ball milled 
LTO. As observed, the initial discharge capacity of the ball milled LTO composite 
(140 mAh g-1) is more than double of that of the mortar ground LTO composite (63 
mAh g-1). After 5 cycles, the reversible capacity of both ball milled and mortar 
grinded LTO composite cells dropped to 108 mAh g-1 and 7 mAh g-1 respectively. 
Again, the ball milled LTO composite displayed superiority over the mortar ground 
one by retaining a reversible capacity of 77% over 5 cycles compared to only 11% 
capacity retention for the LTO composite pre-subjected to mortar grinding. 
Therefore, the improved homogeneity in particle size and carbon coating after ball 
milling clearly increased the initial capacity and capacity retention of the cathode 
composite.  
6.3.2 LiFePO4 composite materials 
The effect of ball milling is also studied for the LiFePO4 (LFP) cathode composite. 
Figure 6.8a shows the first charge and discharge cycle for a LFP|LLZTG|Li half 
cell using either ball milled or mortar ground LFP cathode composite recorded at 
60 °C under 0.01C. The battery with ball milled cathode composite is rechargable 
with a gravimetric discharge and charge capacities of 155 mAh g-1 and 174 mAh g-
1 at first cycle, respectively. Interestingly, unlike LTO composite, the discharge 
capacity of mortar ground LFP composite is almost identical to that of ball milled 
LFP composite, where the former displayed a similar first discharge capacity of 




both ball milled and mortar grinded LFP cathode composite were above 90% with 
respect to the theoretical capacity of LFP (i.e. 170 mAh g-1).  
 
Figure 6.8: (a) Charge-discharge profile and (b) Discharge capacity of the first 5 cycles of all-
solid-state LFP|LLZTG|Li cell with composite cathode of mortar grinded and ball milled LTO, 
measured at 60°C with 0.01C. 
Although both ball milled and mortar grinded cathode composite initially possessed 
almost the same charge/discharge capacity, the capacity retention for the first 5 
cycles vary significantly for both cathode composites as shown in Figure 6.8b. The 
discharge capacity of ball milled LFP composite displayed a capacity retention of 




other hand, the mortar ground LFP composite shows capacity retention of only 
24%, where the discharge capacity dropped to 37 mAh g-1 after 5 cycles. 
The increment in the initial relative capacities of mortar-grinded LFP cathode 
composite as compare to the previous case of mortar-grinded LTO anode composite 
could be understood by the different preparation route and additive in raw LFP 
powders. LFP has been conventionally prepared by a solid-state reaction that 
involves successive steps of ball milling and annealing for long periods of time 127. 
However, the as-synthesized LFP powder by solid-state method has a very low 
electronic conductivity and thus carbon black is usually incorporated into the ball 
milling procedure to provide LFP with an useful electronic conductivity range. 
Since the ‘raw LFP’ used in this work is already pre-milled with carbon black (c.a 
5 wt.%), the effect of ball milling is not comparable for the initial charge/discharge 
capacity. 
However, the reversible capacity for mortar grinded LFP cathode composite 
diminished rapidly for the subsequent cycles can be tentatively ascribed to the less 
homogenous mixing of the components in the mortar ground cathode composite. 
Thus, ball milling is clearly beneficial to improve the capacity retention of the 
cathode composite. Therefore, unless indicated specifically otehrwise, all the LFP 
cathode composite and LTO anode composite samples used in the subsequent 
sections of this thesis are produced by ball-milling at 400 rpm for 5h milling time 
in a continuous process where each 30 minutes of milling time interval is followed 




6.4 All-solid-state Lithium battery 
6.4.1 LTO|LLZTG|Li battery 
Figure 6.9 presents the SEM images of the interface between ‘cathode’ LTO and 
LLZTG solid electrolyte. The ‘cathode’ LTO layer consisted of mixture of LTO, 
LiTFSI and carbon black was cast on top of LLZTG solid electrolyte and dried at 
80 °C in argon environment. The thickness of the LTO layer is approximately 65 
µm. No sign of major crack, exfoliation and pores were observed indicating a 
sufficient interfacial contact is established between the solid electrolyte and the 
LTO layer. 
 
Figure 6.9: SEM images of fractural cross-sectional (left) and surface morphology (right) for cast 
LTO on top of LLZTG solid electrolyte. 
The cyclic performance of a typical all-solid-state LTO|LLZTG|Li half-cell 
measured between 1.0 V and 2.2 V (versus Li/Li+) at 60 °C is shown in Figure 6.10. 
The cell is tested at a current density of 1.75 mA/g based on the weight of Li4Ti5O12 






Figure 6.10: Charge-discharge curves for LTO|LLZTG|Li half-cell measured with 0.01C at 60 °C 
in Ar-filled atmosphere (top). The discharge capacity and Coulombic efficiency of 
LTO|LLZTG|Li half-cell as a function of cycle number (bottom). 
A capacity of 158 mAh g-1 (ca. 2.0 mAh cm-2) is obtained during the first discharge 
which corresponding to 90.2% of Li4Ti5O12 theoretical capacity (c.a. 175 mAh g
-
1). The initial Coulombic efficiency is 64% and subsequently raises to an average 
of 92% efficiency for the following cycles. One plausible explanation for the low 
Coulombic efficiency during the first cycle might be the presence of LiOH or 




as the said impurities decomposed, the Coulombic efficiency recovered to almost 
92% Coulombic efficiency with discharge capacity at ~115 mAh g-1 (ca. 1.4 mAh 
cm-2). The cell displayed a flat voltage plateau at 1.5 V during discharge and 1.6 V 
during charge indicating a minute polarization value of only 0.1 V and hence a good 
energy efficiency.  
6.4.2 LFP|LLZTG|Li battery 
SEM images of the interface between the composite cathode of LFP and the 
LLZTG solid electrolyte are shown in Figure 6.11. The approximately 98 µm thick 
LFP layer of is closely cast on LLZTG. The thickness of the LFP layer is thus 
almost twice that of the LTO layer in the LTO|LLZTG|Li half-cell discussed in the 
previous section. There are no visible voids or cracks at the interface. It may be 
noted that the loading of active material is ca. 10 mg/cm2 for the LFP cathode and 
thus sufficiently high to yield reliable performance data).  
 
Figure 6.11: SEM images of fractural cross-sectional (left) and surface morphology (right) for cast 
LFP on top of LLZTG solid electrolyte. 
Figure 6.12 displayed the charge/discharge cycle at 1.7 mA g-1 for LFP|LLZTG|Li 
half-cell tested at 60 °C. The LFP based cell presents an irreversibility of 11% 




6.12b) with a Coulombic efficiency of 95% from the third cycle onwards, indicating 
no parasitical reaction during cycling. The cell delivered an average capacity ~150 
mAh g-1 (ca. 2.4 mAh cm-2) for the first 5 cycles. 
 
 
Figure 6.12: Charge-discharge curves for LFP|LLZTG|Li half-cell measured with 0.01C at 60 °C 
in Ar-filled atmosphere (top). The discharge capacity and Coulombic efficiency of LFP|LLZTG|Li 







 As discussed earlier, the low Coulombic efficiency for the first cycle might due to 
impurities of LiOH and Li2CO3 which adhere on the surface of LLZTG membrane. 
For the subsequent cycles, as the impurities decomposed, the Coulombic efficiency 
then recovered to about 95%. 
Thus, reversible charge and discharge behavior is demonstrated in this work for 
both LFP|LLZTG|Li and LTO|LLZTG|Li half-cells validating that LLZTG is 
feasible to be used as a solid electrolyte in Lithium metal-based all-solid-state 
batteries. 
6.4.3 All-solid-state Li-ion Battery 
Based on the results of the two Lithum-based half cells, the feasibility of LLZTG 
membrane as solid electrolyte for all-solid-state Li-ion battery (ASSLiB) is 
explored. In order to balance the cell, both electrodes must have the same capacity 
for an optimum performance. Thus, LFP cathode and LTO anode composites with 
controlled amounts of active materials were cast directly on both side of the 
LLZTG, respectively. The multilayer stacking of LFP|LLZTG|LTO full cell is 
pressed together via a Swagelok cell and pressure is maintained merely by the screw 
of the Swagelok cell. Galvanostatic charge and discharge of the full cell solid-state 






Figure 6.13: Charge-discharge curves for LFP|LLZTG|LTO full-cell measured with 0.01C at 60 
°C in Ar-filled atmosphere (top). The discharge capacity and Coulombic efficiency of 
LFP|LLZTG|LTO full-cell as a function of cycle number (bottom). 
The battery presented a first reversible capacity of 62 mAh g-1 (ca. 0.7 mAh cm-2) 
of cathode materials with a Coulombic efficiency of 78%. However, the Coulombic 
efficiency shoots up to 96% and the capacity slightly increases to an average value 
of 63.3 mAh g-1 on the subsequent cycles at least for the 5 cycles tested so far. The 
low first Coulombic efficiency again can be related to the decomposition of 
carbonates at the surface of LLZTG. This capacity delivered by the full cell is lower 




elements (i.e. polyvinyl butyral resin) of the anode and cathode, where the Li+ 
transference number tLi
+<1 for most polymer-based electrodes. This diffusion 
limitation can be solved and hence a higher capacity can be obtained by cycling at 
higher temperature 68, 70. Despite such limitation, a rechargeable all-solid-state 
LFP|LLZTG|LTO lithium ion battery was realized. 
Overall this work confirmed the feasibility to fabricate ASSLB and ASSLiB using 
garnet solid electrolyte provided that formulation compatible electrode composite 









7 Conclusions and Future Work 
7.1 Concluding remarks 
In summary, the work discussed in the previous chapters has shown up several 
promising pathways to engineer fast Li+ conductor of garnet-type Li7La3Zr2O12 
(LLZ) for all-solid-state lithium battery (ASSLB) application. These focus on 
tackling the three key obstacles: difficulties in synthesizing and preparing dense 
sample of pure cubic phase LLZ, understanding the effect of Li+/H+ exchange in 
LLZ under humidity and realization of ASSLB using garnet LLZ as solid 
electrolytes. 
In order to understand and control the formation and decomposition mechanisms 
of LLZ heating in ambient air environment, the properties of LLZ (i.e. structure, 
ionic conductivity, electrochemical stability and morphologies) via “solid-state” 
synthesis were explored. Phase formation of Ta-Ga co-doped LLZ was monitored 
with in-situ XRD starting from the ball-milled precursors, revealing that complete 
cubic phase LLZ formed at 950 °C with the absence of impurities. Heating in humid 
air results in the formation of LiOH and La(OH)3 which subsequently react with 
CO2 in air to form Li2CO3 and La2O2CO3 respectively. On continuous heating to 
above 600 °C, both of the carbonate products melt and release CO2 leaving the 
effective precursors of the LLZ cubic phase formation that was found to start 




as a decomposition product of overheated precursors) is found to be an unavoidable 
intermediate phase in the temperature range up to < 950 °C preceding the formation 
of LLZ. It will also be re-formed as a decomposition product upon Li loss due to 
heating at too high temperatures (≥ 1100 °C). Mother powder also plays an 
important roles in minimizing Li evaporation and protecting the sample from 
contamination during sintering at 1100 °C.  
Undoped LLZ was confirmed to crystallize in tetragonal phase (I41/acd) with three 
order magnitude lower Li+ conductivity than the cubic phase (Ia-3d). Pure cubic 
phase Li6.75La3Zr1.75Ta0.25O12 at room temperature was successfully prepared with 
pentavalent dopants Ta5+ despite the reported minimum dopant concentration of 0.4 
Ta. In order to avoid unintentional doping (i.e. Al3+), only platinum and zirconia 
crucibles were used for annealing and sintering, respectively. A high density LLZ 
solid electrolyte is crucial in order to achieve high Li+ conductance as well as to 
suppress lithium dendrite growth, thus Ga2O3 (0.05 mol% per formula) was 
incorporated mainly as a sintering aid to facilitate densification at 1100 °C of up to 
96% relative density of Li6.75La2.95Zr1.75Ta0.25Ga0.05O12 (LLZTG) pellet, leading to 
Li+ conductivity of 5.8×10-4 S cm-1. SEM studies find that the Ga is enriched near 
the grain boundaries as expected for a sintering aid, but also present in the bulk of 
the grain in smaller concentration. Moreover, it is found that LLZTG displayed a 
wide electrochemical stability window of 0-5 V and Li+ transference number tLi
+1 
which point to the direction of promising solid electrolyte for ASSLB. 
A relative dense thin film LLZTG of 76 µm thickness with ionic conductivity of 




thin film ASSLB of Li4Ti5O12|LLZTG|Li was fabricated with a limited discharge 
capacity of 64 µAh cm-2 (ca. 12.4 mAh g-1). Further investigation found that the 
aqueous ink preparation step which induced massive Li+/H+ exchange, jeopardizes 
the chemical stability of the thin film solid electrolyte. This further tightens the 
choice of non-aqueous solvent/binder combination during ink formulation. 
Tetraethylene glycol dimethyl ether (TEGDME) was tested as a non-aqueous 
solvent and found to display excellent compatibility with LLZ, yet further 
improvements are necessary on the thin film processing. 
An extensive study which demonstrates the chemical instability of LLZ in the 
presence of moisture contrasting previous literature reports. Here, it was found that 
H+ from the moisture can diffuse into the garnet lattice and replace Li+ in the garnet 
structure that in turn will form LiOH at the garnet surface when exposed to 
humidity. This spontaneous Li+/H+ exchange induced by the presence of water was 
verified by x-ray diffraction, Fourier transform infrared spectroscopy, pH 
monitoring during immersion and thermogravimetric analysis. Nevertheless, LLZ 
displayed an excellent structural stability as it retained its cubic phase (Ia-3d) even 
when 53% of Li+/H+ were exchanged. The density of the sample plays a vital role 
for the kinetics of the ion exchange process as denser sample showed less Li+/H+ 
exchange implying slower rate of H+ diffusion into the garnet. On long time 
immersion in water or 1M LiOH, approximately 3 or 5 Li+ are retained per formula 
of LLZ, respectively. The remaining Li+ ions preferentially occupy the regular 
tetrahedral garnet sites due to their lower Li site energy. The activation energy for 




experimental values suggesting a decreasing σLi+/σH+ ratio which show a 
progressive conversion from fast Li+ conductors to moderate H+ conductor in LLZ 
sample after water treatment. 
To validate the compatibility of garnet-type LLZ solid electrolytes, ASSLB using 
LiFePO4 (LFP) and Li4Ti5O12 (LTO) as active materials have been realized. LLZ 
compatible composite cathode (LiFePO4) and anode (Li4Ti5O12) slurry were 
formed with addition of bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and 
carbon black (CB) in TEGDME and polyvinyl butyral resin. These slurries were 
directly tape cast on top of LLZ membrane to minimize the interfacial resistance 
and as evidenced by scanning electron microscopy, no exfoliation or voids were 
observed in the composite electrode|LLZ interface. Stable cycling performance was 
observed at 60 °C in both LTO|LLZTG|Li and LFP|LLZTG|Li half-cell with 
discharge capacity of approximately 110 and 150 mAh g-1 respectively. This 
demonstrated that LLZ indeed was a promising candidate for high capacity ASSLB. 
Lastly, a rechargeable full cell of LFP|LLZTG|LTO demonstrated as the first 
reported all-solid-state lithium ion battery using garnet-type solid electrolyte. 
Overall, a relatively high density single cubic phase LLZ by Ta5+ and Ga3+ co-
doping showing Li+ conductivity of 5×10-4 S cm-1 was successfully prepared via 
“solid state” synthesis. Despite LLZ excellent structural stability in humidity, it 
displayed a poor chemical stability where Li+ prone to be replaced by H+ when 
exposed to moisture. By understanding the effect and mechanism of Li+/H+ 
exchanges in garnet, practical approaches were taken to minimize such Li+/H+ 




capacity of 63 mAh g-1 was fabricated by direct deposition of non-aqueous LFP and 
LTO slurry on thin LLZTG pellet. 
7.2 Future works 
7.2.1 Three-dimensional architectural design 
Another shortcoming is related to the power and energy one cell can supply in a 
limited space constraints. However, increasing the energy density (or power output 
performance) of the battery will require a higher current density, leading to a 
voltage drop. This voltage drop is caused by the internal resistance produced in the 
battery and can be mitigated by enlarging the electrode|electrolyte interface area 
with a 3D architectural design. Thus, combining the flexibility in design of solid 
electrolytes (eliminating the need for casing and separators) with 3D architectural 
design may provide a promising high energy density 3D all-solid-state lithium 
battery. Early trials (see Figure 7.1) have shown a possible 3D architectural design 





Figure 7.1: (a) Prototype three dimensional architectural solid electrolyte by molding of LLZTG 
colloidal ink and predried at 120 °C for 24 h in vacuum oven. The SEM images shows (b) surface 
morphology, (c) cross-sectional and (d) the magnification of the relatively dense microstructure 
bonded by the binder. 
 
7.2.2 In-situ probing of sub-surface analysis 
From the previous discussion in this thesis dissertation, it is now understood that 
LLZ first reacts with moisture and subsequently with carbon dioxide in air to form 
Li2CO3. However, it is still not clear whether the sub-surface LLZ decomposes into 
other phases or remains as garnet-type LLZ with a non-stoichiometric composition 
as a result of this Li+ loss. Since the main obstacle is to remove the Li2CO3 (albeit 
without any success with ex situ polishing in this work) and to study the sub-surface 
LLZ underneath it. Hence, in-situ probing under controlled atmospheres may allow 
us to study the structural and composition evolution of the sub-surface LLZ. One 




intentionally form a thin layer of Li2CO3 on top of garnet LLZ. This thin layer is 
engineered such that the small thickness still allows XRD to capture the 
crystallography information of the sub-surface LLZ. Alternatively, thin film XRD 
with different X-ray incident angle can be used to study the XRD pattern at different 
depths. With such techniques, the sub-surface LLZ can be analyzed. 
7.2.3 Optimization in electrode composite 
The key point to exploit the cyclablity of an all-solid-state batteries is by the 
optimization of the electrode composition and the relative amount of active 
materials, lithium salts (Li+ conductivity enhancer) and carbon black (e- 
conductivity enhancer). In this work, only arbitrary electrode composition is tested 
where the amount of active materials, lithium salts and carbon black is fixed at 
55wt%:36wt%:9 wt%. Although many works fixed the amount of carbon black to 
be approximately 10 wt% which is agreeable in this work, the ratio between the 
amounts of active materials and solid polymer electrolyte in the electrode 
composites as well as the concentration lithium salt dopant within the solid polymer 
electrolyte of the composite can be further tuned to achieve an optimized electrode 
composition. Also, in this work, super P carbon black was used extensively as the 
electronic conductor for electrode composite. Thus, other carbonaceous materials 
such as graphene, Ketjen black ‡  and carbon nanotube which vary in specific 
surface area, void volume and electronic conductivity can be potentially replace 
                                                          
‡ Ketjen black is an electro-conductive carbon black with unique morphology which able to provide 





carbon black for future ASSLB testing. In addition, different lithium salts (instead 
of the LiTFSI used here) should be considered as well. 
7.2.4 Particle size control to fabricate denser LLZ 
Future direction towards understanding and optimizing the microstructure of LLZ 
can further enhanced the performance of ASSLB. This can be done by controlling 
the particle size and the particle size distribution of LLZ via micro sieving and ball 
milling. By decreasing the particle size (as well as increasing particle size 
homogeneity), a higher relative density of LLZ is expected since they can be packed 
more closely. Various properties (e.g. ionic conductivity, mechanical strength, etc.) 
will benefit from a higher relative density and homogeneous grain size. A uniform 
small particle size is also of utmost importance in ink preparation for micro-
extrusion, inkjet printing and 3D printing. Smaller particle sizes will allow printing 
without clogging the nozzle of the printers while the homogeneity gives rise to a 
consistent viscosity of the ink for continuous printing. Careful engineering of the 
surface microstructure is also critical to achieve low interfacial resistance for long-
term cycling with lithium metal. Cheng et al. 95 recently proposed that a better 
performance of ASSLB can be achieved with small grain sized samples with larger 
amount of surface layer grain boundaries which could effectively improve ion 
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